DIOPHANTINE GEOMETRY OVER GROUPS I:
MAKANIN-RAZBOROV DIAGRAMS
by Ziw SELA M

This paper is the first in a sequence on the structure of sets of solutions to systems of equations in a
free group, projections of such sets, and the structure of elementary sets defined over a free group. In the first
paper we present the (canonical) Makanin-Razborov diagram that encodes the set of solutions of a system of
equations. We continue by studying parametric families of sets of solutions, and associate with such a family
a canonical graded Makanin-Razborov diagram, that encodes the collection of Makanin-Razborov diagrams
associated with the individual members in the parametric family.

Sets of solutions to equations defined over a free group have been studied
extensively, mostly since Alfred Tarski presented his fundamental questions on the
elementary theory of free groups around 1945. Considerable progress in the study of
such sets of solutions was made by G. S. Makanin, who constructed an algorithm that
decides if a system of equations defined over a free group has a solution [Mal], and
showed that the universal and positive theories of a free group are decidable [Ma2].
A. A. Razborov was able to give a description of the entire set of solutions to a system
of equations defined over a free group [Ral], a description that was further developed
by O. Kharlampovich and A. Myasnikov [Kh-My].

A set of solutions to equations defined over a free group is clearly a discrete set,
and all the previous techniques and methods that studied these sets are combinatorial
in nature. Naturally, the structure of sets of solutions defined over a free group is
very different than the structure of sets of solutions (varieties) to systems of equations
defined over the complexes, reals or a number field. Still, perhaps surprisingly, concepts
from complex algebraic geometry and from Diophantine geometry can be borrowed
to study varieties defined over a free group.

In this paper we start a sequence that borrows concepts and techniques from
geometric group theory, low dimensional topology, and Diophantine geometry to study
the structure of varieties defined over a free group. Our techniques and point of
view on the study of these varieties is rather different than any of the pre-existing
techniques in this field, though, as one can expect, some of our preliminary results
overlap with previously known ones. As we will see in this paper and mostly in the
following ones, the techniques and concepts we use enable the study of the structure
of varieties defined over a free group and their projections, and in particular, give us
the possibility to answer some questions that seem to be essential in any attempt to
understand the structure of elementary sentences and predicates defined over a free
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group. At this stage, at least as it seems to us, none of the pre-existing (combinatorial)
techniques can approach the difficulties involved in tackling these questions.

The sequence of papers on Diophantine geometry over groups is organized as
follows. In the first paper we associate a canonical Makanin-Razborov diagram with a
given system of equations defined over a free group. This Makanin-Razborov diagram
encodes the entire set of solutions to the system. Later on we study systems of equations
with parameters. With each such system we associate a (canonical) graded Makanin-
Razborov diagram, that encodes the Makanin-Razborov diagrams of the systems of
equations associated with each specialization of the defining parameters. In the second
paper of the sequence, we generalize Merzlyakov theorem on the existence of a_formal
solution associated with a positive sentence [Me]. We first construct a formal solution to
a general AE sentence which is known to be true over some variety, and then develop
tools that enable us to analyze the collection of all such formal solutions. In the
third paper, we use techniques developed in the first two, to further study exceptional
solutions of parametric systems of equations, which are one of the inherent pathologies
in the theory that must be understood in studying the first order theory of a free group.
Perhaps the main result of this paper is the existence of a global bound (independent of
the parameters specialization) on the number of families of exceptional solutions. In the
fourth paper we study AE sentences, and present a terminating iterative procedure for
validation of such sentences. This terminating iterative procedure is the basis for our
analysis of elementary sets defined over a free group presented in the last two papers.
In the fifth paper we analyze the Boolean Algebra of AE sets and show that this
Boolean algebra is invariant under projections. This implies that every elementary set
defined over a free group is in the Boolean algebra of AE sets. The sixth paper uses the
results of the fifth one to study elementary sets defined over a free group. In particular,
we answer affirmatively some of A. Tarski’s problems on the elementary theory of a
free group, and obtain a classification of the f.g. groups that are elementary equivalent
to a non-abelian f.g. free group. Throughout this paper, we use the abbreviation f.g.
for finitely generated and fp. for finitely presented.

We start the first paper of the sequence by studying limat groups that are obtained
from (Gromov) limits of sequences of homomorphisms. In section 2 we study the
(canonical) abelian JSJ decomposition of these groups, which is shown to be non-
trivial. In the third section we study the (canonical) cyclic JSJ decomposition of a
limit group, and show that this cyclic decomposition can not be trivial as well. In the
fourth section we use the canonical cyclic JSJ decomposition to associate an analysis
lattice with a limit group, which, in particular, implies that limit groups are finitely
presented, and that a f.g. group is a limit group if and only if it is an w-residually free
group (f.g. w-residually free groups were also shown to be f.p. by Kharlampovich and
Myasnikov in [Kh-My]). The fifth section associates a canonical Makanin-Razborov
diagram with a limit group. The properties of this diagram are similar to the ones
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obtained by Razborov [Ra2], and Kharlampovich and Myasnikov [Kh-My]. However,
for the structure theory we develop, and for analyzing elementary predicates, it seems
essential to have its canonical properties (which can not be guaranteed by combinatorial
approaches), and to be able to have a “close relation” between the algebraic structure
of a limit group and some of its (canonical) quotients with the structure of the diagram
and the modular groups associated with it. In the sixth section we present a family
of wresidually free groups that is more geometric in nature. The family of twers
we present, plays an essential role when we classify f.g. groups that are elementary
equivalent to a non-abelian free group in the last paper in the sequence. In section 7
we use our study of limit groups to study residually free groups.

At this point we begin our study of systems of equations with parameters. In
section 10 we present graded limit groups, and in section 11 we associate a canonical
graded Makanin-Razborov diagram with a graded limit group. We view the set of
solutions to a system of equations with parameters as a bundle, where the groups of
parameters lies in the base of this bundle. The graded Makanin-Razborov diagram
is then a (flat) “connection” that allows one to compare different fibers associated
with different specializations of the defining parameters. Section 11 studies the singular
locus of that bundle, which is equivalent to studying the degeneracies in the graded
Makanin-Razborov diagram. Section 12 generalizes our study of graded limit groups
and diagrams to the study of multi-graded ones. Graded and multi-graded limit groups
and diagrams are the basic objects needed in our analysis of sentences and elementary
sets defined over a free group.

Quite a few people helped us while this work was conducted. We would like
to thank Mladen Bestvina, Mark Feighn, Etienne Ghys, and the referees for their
comments, corrections and suggestions that improved the presentation considerably.
Especially, I am indebted to my former advisor Eliyahu Rips who introduced me
to Tarski’s problems, shared his knowledge and ideas with me, and suggested the
possibility of a connection between the JSJ theory and the study of varieties defined
over a free group, not long after the JSJ decomposition was introduced.

1. Limit Groups

Following [Ral] with a finite system of equations ® over a free group F;=
<a,...,q > it is natural to associate a f.p. group G (®). If the system ® is defined by
the coefficients ay, ..., ;, the unknowns xy, ..., x, and the equations:

wl<al> ey Ay X1y eeey xn) =1

W@y ey Ay X1y ooy ) =1
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we set the associated f.p. group G (®) to be:
G®) = < ay, ., X1y Xy | W1, ey wy >

Clearly, every solution of the system @® corresponds to a homomorphism 4 : G () — F;
for which A(a;)=a;, and every such homomorphism corresponds to a solution of the
system @. Therefore, the study of sets of solutions to systems of equations in a free
group is equivalent to the study of all homomorphisms from a fixed f.p. group G into
a free group F, for which a given prescribed set of elements in G is mapped to a fixed
basis of the free group F.

Throughout this paper, this is the point of view we adapt in order to study sets
of solutions to systems of equations in a free group. Since the techniques we use and
the structure theory we obtain are valid for f.g. groups and not only for fp. ones, we
set G to be a fig. group G= <gy,....,g, >, Vi,...Yk € G to be a prescribed set of
elements in G, and F; to be a free group with a fixed basis F,= < ay,...,qs >. With
these notation our main goal is to get a structure theory for understanding the set of
all homomorphisms:

Hom((G, {y:}), Fr, {a})) = {h|h:G — Fi, hy)=a;}

which for brevity we will denote Hom (G, F;). We set X to be the Cayley graph of F;
with respect to its given basis a, ..., ¢.. Given any homomorphism % € Hom (G, F;), G
admits a natural action A, on X given by Ay(g, x)=h(g)(x) for every g€ G and x € X.

For presentation purposes, we start our analysis with the entire set of homomor-
phisms {%|A: G — F;}, without restricting the image of a finite subset of elements
of the f.g. group G in the free group F;. As we will see in the sequel, the results we
obtain for the entire (unrestricted) set of homomorphisms can be slightly modified in
order to study the set of restricted homomorphisms.

Let {#;} C Hom (G, F)) be a set of (unrestricted) homomorphisms from G to F,
and suppose that the homomorphisms {/} belong to distinct conjugacy classes (i.e.,
for every ji,jo, 1 <ji <js, and every f€ Fy, fh f~' + k). For each index j we fix an
element /; € Iy having “minimal displacement” under the action Aj, and set Y; to be:

W= max dx (id., fh(g,) [ ") = min max dx (id., fh(g.)f ")

I<usm JEFL 1<u<sm

Since the homomorphisms in the sequence {4} C Hom (G, F,) are distinct, the sequence
of stretching factors {|;} does not contain a bounded subsequence. We set {(X, ;g)}]il
to be the pointed metric spaces obtained by rescaling the metric on the Cayley graph
of F;, (X, ), by W. (Xj, xj) is endowed with a left isometric action of our f.g. group

G via the homomorphisms T, o 4; where T, is the inner automorphism of F; defined
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by f. This sequence of actions of G on the metric spaces {(X;, x; }]:1 allows us to
obtain an action of G on a real tree by passing to a Gromov-Hausdorff’ limit.

Proposition 1.1 ([Pa], 2.3). — Let {X} | be a sequence of &i-hyperbolic spaces with
O =lim &= 0. Let H be a countable group isometrically acting on X;. Suppose there exists a base
point x,—m X such that for every fimite subset P of H, the sets of geodesics between the images of x;
under P form a sequence of totally bounded metric spaces. Then there is a subsequence converging in
the Gromov topology to a du.-hyperbolic space X, endowed with a left isometric action of H.

Our spaces {(Xj, 6)}7<, endowed with the left isometric action of G, satisfy
the assumptions of the proposition and they are all trees, so they are 0-hyperbolic,
hence, X, 1s a real tree endowed with an isometric action of G. By construction the
action of G on the real tree X, is non-trivial. Let {J,}°2, be the subsequence for
which {(X, x)};2, converge to the limit real tree X and let (Y, ) denote this
(pointed) limit real tree. For convenience for the rest of this section we denote the
homomorphism f; % .G F by #,.

i Sin

With the limit tree we obtained by using the Gromov-Hausdorff topology we
associate natural algebraic objects, the kernel of the action of G on this (limit) real tree
and the quotient of G by this kernel which we call the lmit group. The first goal
in our approach to the structure of sets of solutions to equations in a free group 1is
understanding some of the basic properties of limit groups, and in particular to show
they are fp. groups and that every maximal abelian subgroup of them is a fg. free
abelian group.

Definition 1.2, — The kernel of the action of the group G on the limit tree Y 1is defined
to be:

Ko={geG|VyeY g(») =y}

Having the kernel of the action we define the limit group to be: Lo, = G/K, and set n: G — Ly
to be the natural quotient map.

The following simple facts on the kernel of the action and the limit group are
important observations and will serve us throughout the rest of the paper.

Lemma 1.3. — With the notation of definition 1.2:

(1) Lo s a fg group.
() If'Y is isometric to a real line then the limit group L. is fg free abelian.
(1) If g € G stabilizes a tripod in Y then for all but at most finitely many n’s g € ker (h,)
(recall that a tripod s a finite tree with 3 endpoints). In particular, if ¢ € G stabilizes
a tripod then g € K.
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(iv) Let g € G be an element which does not belong to Ko.. Then for all but at most finitely
many n’s g & ker (hy).

(v) Lo s torsion-free.

(vi) Let [ y1,99] C [ 93,94 be a pair of non-degenerate segments of Y and assume the
stabilizer of [ s, 4] i Lo, stab([ ps, v4]), s non-trivial. Then stab ([ ps, y4]) s an
abelian subgroup of Lo, and:

stab ([ 91, a]) = stab ([ 33, 94])
Hence, the action of Lo, on the real tree Y 1is stable.

Proof: — L. 13 a quotient of the f.g. group G, so it is f.g. as well. To prove (i)
note that if Y is isometric to a real line, then L. is a fg subgroup of Isom(R).
If ¢ € G preserves the orientation of Y and g’ € G reverses it, then for large
enough n, h(g)Vh(g)h(g’) " =h(g "), and since the image of the homomorphisms
h, 1s a subgroup of the free group I, necessarily #,(g)=1 for all but finitely many 7,
hence, g € K... In addition, since g’* preserves the orientation of Y, %,(g'”)=1 for all
but finitely many #’s, so A,(g’)=1 for all but finitely many »’s and g’ € K. Therefore,
the ambient group G preserves the orientation of Y, and since L., is a fig. subgroup
of Isom(R), L, 1s f.g. free abelian group.

To prove (i) let T(A, B, C) be a tripod in Y and let N be the three va-
lence vertex in that tripod. Let ¢ € G fix T(A,B,C) and let (A,, B,, C,) C X,
be a sequence of triples of points converging into the triple (A, B, C). Let
¢ = min{dy (A, N), dy B, N), dy (C, N)}. From the convergence of the metric spaces
{X,, %)}, to the real tree (Y, ) we get for large enough n:

n=1

l
max{dx, (A, h(g)(A)), dx,(Bu, (2)Bn)), dx,(Cos hafg)(C))} < 3

Let N, be the center of a tripod with vertices A,, B,, C, in X,. By the bound on the
displacement of A,, B,, C, by 4,(g), for large enough n 4,(g)(N,)=N,, so A,(g)=1 for
all but finitely many #’s, and in particular g € K.

To prove (iv) suppose £, (g)=1 for an infinite subsequence of indices {n,}. Since
the actions of G on the metric spaces (X,, x,) via the homomorphisms %, converge in
the Gromov-Hausdorff topology into an action of G on the real tree Y, the subsequence
of actions of G on the metric spaces (X, , x,) via the homomorphisms %, converges
into the same action of G on the real tree Y. Since we assume /4, =1 for all », g acts
trivially on the limit tree Y, so g € K, and we may conclude part (iv) of the lemma.

To prove L, is torsion-free suppose ¢ € G and g’ € K. Note that if the limit
tree Y is isometric to a real line then L., is a f.g. free abelian group, and in particular
torsion-free. Hence, we may assume Y is not isometric to a real line, which implies that
gl stabilizes a tripod in Y so by part (iii) of the lemma #,(g?)=1 for all but finitely



DIOPHANTINE GEOMETRY OVER GROUPS I: MAKANIN-RAZBOROV DIAGRAMS 37

many n’s, and necessarily #,(g)=1 for all but finitely many »’s and g € K., which
concludes part (v). The proof of part (vi) is identical with the proof of proposition 4.2
of [Ri-Sel]. O

Lemma 1.3 gives us the basic properties of the action of the limit group L., on
the real tree Y. These properties are essential in applying Rips’ classification of (stable)
actions of groups on real trees which is going to be used extensively in the sequel. In
addition to the properties of the action we will need the following basic algebraic facts
on the limit group L.

In a free group every solvable subgroup is infinite cyclic and every maximal
cyclic subgroup is malnormal. These properties are naturally inherited by the limit
group L.

Lemma 1.4. — With the notation of definition 1.2:

(1) Let wuy, us, us be non-trivial elements of Lo, and suppose that [u), us]=1 and
[ur, us) = 1. Then (ug, us] = 1. It follows that every abelian subgroup in L, is contained
n a unique maximal abelian subgroup.

(1) Every maximal abelian subgroup of Lo is malnormal.

(i11) Every solvable subgroup of the limit group L, is abelian.

Progf. — Let g1, g0, g3 € G be elements for which n(g))=u;, N(g) =, N(g5) = us.
Since g, g, g project to non-trivial elements in L., part (iv) of lemma 1.3 implies
that for all but finitely many »’s 4, maps g;, g, g5 to non-trivial elements in F,. Since
N(g) commutes with both n(g) and n(g;), part (ii1) of lemma 1.3 implies that for all
but finitely many »’s %,(g) commutes with both #4,(g,) and #%,(g5). Hence, for all but
finitely many #’s the subgroup generated by %,(g1), #,(g), h.(gs) 1s infinite cyclic, and, in
particular, 4,(gy) commutes with 7%,(gs). By part (iv) of lemma 1.3 u =n(g,) commutes
with u3 =n(g;) and we get part (1) of the lemma.

To prove part (i) let A be a maximal abelian subgroup of L.. If A is not
malnormal there must exist elements g1, g, g € G so that n(g), n(g) € A, n(g) F1
and n(g)n(g)n(g " =n(g). Since by part (i) of lemma 1.3 if r € K, then for all
but finitely many »’s 4,(r) =1, for all but finitely many n’s h,(g)h.(g)k.(g ") = h,(go) and
[h(g1), h(g2)] =1, so < h,(g), h(g) > is a cyclic subgroup of F;. Since a maximal
cyclic subgroup of F; is malnormal, for all but finitely many »’s 4,(g) commutes with
both #,(g) and 4,(gy), so part (iv) of lemma 1.3 implies that n(g) commutes with both
N(g1) and n(gy) so N(g) € A and A is malnormal.

To prove part (ii1) let S be a solvable subgroup of L.. By induction we may
assume that its derived subgroup S’ is abelian. By part (i) every (non-trivial) abelian
subgroup of L, is contained in a unique maximal abelian subgroup, hence, the derived
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subgroup S’ is contained in a (unique) maximal abelian subgroup M of L., and by part
(i), M is malnormal in L. Since S’ is normal in S, every element u € S normalizes
S’, so uMu~" intersects M non-trivially. Since M is malnormal, « € M, so u commutes
with §’. Therefore, S is abelian. O

Proposition 1.3 shows the action of L., on the real tree Y is stable. The original
analysis of stable actions of groups on real trees applies to fp. groups ([Be-Fel]), and
the limit group L., is only known to be f.g. at this point, by part (i) of lemma 1.3. Still,
given the basic properties of the action of L., on the real tree Y that we already know;
we are able to apply a generalization of Rips’ work to f.g. groups obtained in [Se3]. In
[Se3], the real tree Y is divided into distinct components, where on each component
a subgroup of L., acts according to one of several canonical types of actions. The
theorem from [Se3] we present is going to be used extensively in the next sections and
its statement uses the notions and basic definitions appear in the appendix of [Ri-Sel].
Hence, we refer a reader who is not yet familiar with these notions to that appendix

and to [Be-Fel] and [Be].

Theorem 1.5 ([Se3], 3.1). — Let G be a freely indecomposable f.g. group which admits a
stable 1sometric action on a real tree Y. Assume the stabilizer of each tripod mn Y s trinal.

1) There exist canonical orbits of subtrees of Y: Y1, ..., Yy with the following properties:

(i) gY; intersects Y; at most in one point if i .
(i) gY; us either identical with Y; or it intersects 1t at most in one point.
(i11) The action of stab (Y,) on Y, s either discrete or it is of axial type or IET type.

2) G s the fundamental group of a graph of groups with:

(1) Vertices corresponding to orbits of branching points with non-trivial stabilizer in Y.

(1) Vertices corresponding to the orbits of the canonical subtrees Y, ..., Y which are
of axial or IET type. The groups associated with these vertices are comjugates of the
stabilizers of these components. To a stabilizer of an IET component there exists an
associate 2-orbifold. All boundary components and branching points in this associated
2-orbifold stabilize points in Y. For each such stabilizer we add edges that connect
the vertex stabilized by 1t and the vertices stabilized by its boundary components and
branching points.

(i11) Fdges corresponding to orbits of edges between branching points with non-trivial
stabilizer in the discrete part of 'Y with edge groups which are comjugates of the
stabilizers of these edges.

(iv) Edges corresponding to orbits of points of intersection between the orbits of
Y1 5 ey Yk.

Before concluding our preliminary study of limit groups and their action on the
limit real tree, we present the following basic fact which is necessary in the sequel.
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Lemma 1.6. — If L, s a limit group acting on a limit tree Y obtained from a converging
sequence of homomorphisms from a fg. group G wnto a free group ¥y and Lo, is _freely-indecomposable,
then stabilizers of non-degenerate segments which lie in the complement of the discrete parts of Y are
trivial in L. Stabilizers of segments in the discrete components of Y are abelian subgroups of L.

Progf: — Identical to the proof of part (ii1) of proposition 1.8 in [Se4]. O

2. The Canonical Abelian JS] Decomposition of a Limit Group

In the previous section we defined limit groups and studied their basic algebraic
structure. To further study the algebraic structure of a limit group L., and in
particular to understand what are all the possible splittings of L, along abelian
subgroups, we need to construct the canonical JS] decomposition of L.,. A canonical
JSJ decomposition was first introduced in [Se2] in the case of hyperbolic groups, then
generalized to cyclic splittings of f.p. groups in [Ri-Se2], and to splittings of f.p. groups
over more general (slender) groups in [Du-Sa] and [Fu-Pa]. Until this point, we only
know that L. is fig. (lemma 1.3), still the JSJ theory can be applied using acylindrical
accessibility [Se3] (cf. ([Se4], 2)).

To construct the JSJ decomposition of L., we need to study some basic properties
of abelian splittings. We first look how maximal abelian subgroups of L, act on
(simplicial) Bass-Serre trees corresponding to abelian splittings of L.,. Recall that by
lemma 1.4 every maximal abelian subgroup of L., is malnormal.

Lemma 2.1. — Let Lo, be a hmut group, let M be a maximal abelian subgroup in L,
and let A be an abelian subgroup of Lioo. Then:

(1) If Loo =UxA V and M s not cyclic then M can be conjugated into either U or V.
(1) If Loo =Uxp and M s not cyclic then either M can be conjugated into U, or M can
be compugated to M, so that Lo, =U x5 M'.

Progf: — A non-cyclic abelian subgroup of L, is elliptic in any free decomposition
of L., hence, we may assume that A is a non-trivial abelian subgroup of L. To prove
(i) suppose that M is not cyclic and M can not be conjugated into U or V in the
amalgamated product L., =U %, V. Let T be the Bass-Serre tree corresponding to
this amalgamated product. Since M is abelian and is not elliptic when acting on T, it
either preserves an axis or it preserves a point in the boundary of T. If it preserves a
point in the boundary of T and not an axis in T, then the stabilizers of edges along
a ray that approaches the point at the boundary of T that is preserved by M, form
an increasing sequence of abelian subgroups of L., A} <Ay < A3 < .., so that the
union of these subgroups is M. But all the edge groups in the Bass-Serre tree T are
conjugates of A, and M is malnormal in L., hence, in this case Aj=Ay=...=M, so
M must be elliptic. Therefore, we may assume that M preserves an axis in T.
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By conjugating M we may assume that A fix an edge in the axis of M. Since M 1is
a maximal non-cyclic abelian subgroup of L., and by lemma 1.4 an abelian subgroup
in L, 1s contained in a unique maximal abelian subgroup, the abelian subgroup A 1is
a subgroup of M, and A fixes the entire axis preserved by M. This last observation
implies that there must exist an element « € U so that u ¢ A and u commutes with A.
u centralizes A, so by proposition 1.4 it must be an element of the maximal abelian
subgroup containing A, so ¥ € M. But « can not be an element of M, since the only
elliptic elements in M are the elements of A, a contradiction.

To prove (ii) suppose M is non-cyclic and M can not be conjugated into the vertex
group U in the abelian splitting L., = Ux,. Let T be the Bass-Serre tree corresponding
to that HNIN extension. M is abelian and not elliptic so by the argument used to prove
part (i), it must preserve an axis in T, and by conjugating M to M’, we may assume
the abelian subgroup A fixes that entire axis of M'. By the argument used to prove
part (i), the vertex group U intersects M’ only in the subgroup A, so by replacing
the Bass-Serre generator ¢ by tu for some u € U we may assume that the Bass-Serre
generator  is an element of M’. Since the Bass-Serre generator ¢ centralizes the cyclic

subgroup A, L,=Ux, M. O

By lemma 2.1 if we replace each abelian splitting of L., of the form L., =Usx,
in which A is a subgroup of a non-elliptic maximal abelian subgroup M by the
amalgamated product L., =U %, M, we get that every non-cyclic abelian subgroup of
L. is elliptic in all the abelian splittings under consideration. This will allow us to use
acylindrical accessibility in analyzing all the abelian splittings of L.

Definition 2.2 [Se3|. — A splitting of a group H s called k-acylindrical if for every element
h € H which is not the identity, the fixed set of h when acting on the Bass-Serre tree corresponding
to the splitting has diameter at most k.

If a limit group L., =V %z, Va*s, Vsxa, Vi, where Aj, Ag, A3 are subgroups
of a maximal abelian subgroup M that is a subgroup of V,, then one can modify
the corresponding graph of groups to a tripod of groups with V; in the center,
and V,, V3, V, at the 3 roots. Since by lemma 1.4 every maximal abelian subgroup
of L., 1s malnormal, the Bass-Serre tree corresponding to this tripod of groups is
2-acylindrical. This sliding operation generalizes to an arbitrary (finite) abelian splitting
of a limit group.

Lemma 2.3. — A splitting of Lo n which all edge groups are abelian and all non-
cyclic abelian groups are elliptic can always be modified (by modifying boundary monomorphisms by

conpugations and slhding operations) to be 2-acylindrical.
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Lemma 2.3 shows that if in all abelian splittings of L., under consideration all
non-cyclic abelian subgroups are elliptic, these abelian splittings are 2-acylindrical. By
lemma 2.1 if we replace abelian splittings of L., having the form L, = Ux, in which A
is a subgroup of a non-elliptic maximal abelian subgroup by the amalgamated product
L. =U=x,M, we get that every non-cyclic abelian subgroup of L., is elliptic in all the
abelian splittings under consideration. Hence, we may assume that all abelian splittings
of L, under consideration are 2-acylindrical.

Following [Se2] and [Ri-Se2] in order to understand all possible splittings of L,
along abelian subgroups, we need to study carefully the “interaction” between any two
given one-edge splittings of L., over abelian subgroups.

Let H be a group and T a (simplicial) H-tree. An element # € H is either elliptic
in which case it fixes a point in T, or Ayperbolic, in which case it preserves a line in T
and acts along it as a translation. We consider two elementary splittings of L., along
abelian subgroups Ho = D%y E; (or Lo, =Di*,, in which case we assume that A; is
a subgroup of a maximal abelian subgroup M in L., and M is a subgroup of the
vertex group D), and L, =Dy*p,Ey (or Lo =Dy*,, under the above conditions on
Ag) where A; and Ay are abelian subgroups. Let T and Ty be the Bass-Serre trees
corresponding to the given splittings. The two given splittings are called elliptic-elliptic if
A; 1s elliptic in Ty and Ay is elliptic in Ty, elliptic-hyperbolic if A, is elliptic in Ty and
Ay 1s not elliptic in Ty and Ayperbolic-hyperbolic if A, is not elliptic in Ty and Ay is not
elliptic in T}.

Lemma 2.1 shows that an abelian subgroup of L. which is not cyclic is
necessarily elliptic in all abelian splitting of L., under consideration. Following [Se2]
we can also exclude the case of elliptic-hyperbolic maximal abelian splittings in case
L. is freely indecomposable (the arguments given in [Se2] and [Ri-Se2] for cyclic
splittings of groups remain valid for abelian splittings of L)

Theorem 2.4 ([Se2], 2.2), ([Ri-Se2], 2.1). — If Lo, s freely indecomposable then any
lwo one-edge abelian splittings of Lo i which all non-cyclic abelian subgroups are elliptic, are either
elliptic-elliptic or hyperbolic-hyperbolic.

Since by lemma 2.1 every abelian subgroup of L., which is not cyclic is ellip-
tic in all abelian splittings of L., under consideration, pairs of hyperbolic-hyperbolic
one edge splittings of L. along abelian subgroups are splittings along cyclic sub-
groups. Hence, we may borrow the canonical quadratic decomposition constructed in
[Ri-Se2] in order to understand all the hyperbolic-hyperbolic splittings of L., along
cyclic subgroups.

By a Z-splitting of a group we mean a splitting in which all edge groups are
infinite cyclic. For the notion of a CMQ) (canonical maximal QH) subgroup, and a
weakly essential s.c.c. on a 2-orbifold we refer the reader to section 4 of [Ri-Se2].



42 ZLIL SELA

Theorem 2.5 ([Ri-Se2], 5.6). — Let H be a fg group with a single end which s not a
2-orbifold group. There exists a (canonical) reduced Z-splitting of H which we call the quadratic
decomposition of H with the following properties:

(1) Every canonical maximal QH subgroup (CMQ) of H s compugate to a vertex group in
the quadratic decomposition. In particular, there are only finitely many conjugacy classes of
CMOQ subgroups. Every edge group s a cyclic boundary subgroup of one of the CMQ
subgroups, and every vertex with a non-CMQ) vertex group 1s adjacent only to vertices
stabilized by CMQ) subgroups in the canonical quadratic decomposition.

(i) An elementary Z-spliting H=A xc B or H=Ax¢ which s hyperbolic in another
elementary Z-splitting s obtained from the quadratic decomposition of H by cutting a
2-orbifold corresponding to a CMQ_ subgroup of H along a weakly essential s.c.c.

(i11) The edge group of any elementary Z-splitting H=Axc B or H= Ax¢ can be conjugated
into a vertex group of the quadratic decomposition. In case it can be conjugated into a vertex
group which s not a CMQ_ subgroup, the given elementary Z-splitting s elliptic-elliptic
with respect to any other elementary Z-splitting of H.

(iv) The quadratic decomposition of H is unique up to shding, conjugation and modifying
boundary monomorphisms by comjugation (see section 1 of [Ri-Se2] for the definition of
these notions).

To construct the JSJ decomposition of L., we need to further refine the quadratic
decomposition to include the set of elliptic-elliptic abelian decompositions. In general,
such refinement can not be obtained for a fig. group as was shown by M. Dunwoody
[Du]. Fortunately, the abelian splittings of L., we consider are 2-acylindrical according
to lemma 2.3, which allows us to apply acylindrical accessibility in order to complete
the construction of the JSJ decomposition.

Theorem 2.6 ([Se3], [We]). — Let H be a fg freely indecomposable group. For a given k
there exists an integer Nk, H) so that the number of vertices and edges mn all k-acylindrical splittings
of H does not exceed Nk, H).

(Note that in [We], the bound A(k, H) is given explicitly.) To construct the abelian
JSJ decomposition of a freely indecomposable limit group L., we start with the
collection of all cyclic splittings of L., in which every non-cyclic abelian subgroup is
elliptic, from which we construct the cyclic JSJ decomposition of L. To construct
this cyclic JSJ decomposition of L., we start with the quadratic decomposition of L,
and successively refine the quadratic decomposition using all the cyclic splittings of Ly
for which their (cyclic) edge groups are elliptic in the quadratic decomposition, and in
which every non-cyclic abelian subgroup of L., is elliptic (see section 7 of [Ri-Se2]
for a description of this refinement procedure). In the construction of the cyclic JSJ
decomposition for f.p. groups presented in [Ri-Se2], this refinement procedure is shown
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to terminate using the generalized accessibility of M. Bestvina and M. Feighn [Be-Fe2].
The limit group L. is not known to be fp. so generalized accessibility can not be
applied. However, acylindrical accessibility (theorem 2.6) guarantees the termination of
the refinement procedure, from which we obtain the cyclic JSJ decomposition of the
limit group L., (note that at this point we do not know if the cyclic JSJ decomposition
of L, is trivial or not).

Having the cyclic JSJ decomposition of L., we construct the abelian JSJ
decomposition of L., by successively refining the non-QH, non-abelian vertex groups in
the cyclic JSJ decomposition using the collection of non-cyclic abelian decompositions
of L. Again, acylindrical accessibility (theorem 2.6) guarantees that this refinement
procedure terminates, and we finally obtain the abelian JSJ decomposition of a freely
indecomposable limit group. Note that since a limit group admits a faithful stable
action on a real tree, in which segment stabilizers are abelian and stabilizers of tripods
are trivial (lemma 1.3), theorem 1.5 implies that if L., is non-cyclic it admits a non-
trivial abelian splitting in which all non-cyclic abelian subgroups are elliptic. Hence,
if Lo 1s not a surface group or an abelian group, its abelian JS] decomposition is
necessarily non-trivial.

Theorem 2.7 (cf. [Ri-Se2], 7.1). — Suppose L s a freely indecomposable lLimit group.
There exists a reduced unfolded splitting of Lo with abelian edge groups, which we call an abelian
JSJ (Faco-Shalen-Johannson) decomposition of L, with the following properties:

(1) Every canonical maximal QH subgroup (CMQ) of Lo, is comugate to a verlex group
in the JSJ decomposition. Every QH subgroup of Lo, can be comjugated into one of the
CMQ . subgroups of Leo. Every vertex group in the JS] decomposition which s not a
CMQ_ subgroup of L s elliptic in any abelian splitting of L, under consideration.

(i1) A one edge abelan splitting Lo =D x5 E or Hoo =D %o under consideration which
s hyperbolic in another elementary abelian splitting s obtained from the abelian JSJ
decomposition of Lo, by cutting a 2-orbifold corresponding to a CMQ) subgroup of Lo,
along a weakly essential s.c.c.

(i) Let © be a one edge spltting along an abelian subgroup Lo, =D %5 E or Lo, =Dxy
under consideration, which s elliptic with respect to any other one edge abelian splitting
of Lo under consideration. Then © is obtained from the JS] decomposition of Lo by a
sequence of collapsings, foldings, and conjugations.

(v) If JS)1 s another JSJ decomposition of L, then JSJ, s obtained from the JSJ decom-
position by a sequence of slidings, comjugations and modifying boundary monomorphisms
by conjugations (see section 1 of [Ri-Se2] for these notions).

Theorem 2.7 gives us the canonical abelian JS] decomposition of L. which
essentially describes all the abelian splittings of L. along abelian subgroups. This
decomposition is a basic tool in our approach to obtaining a structure theory for sets
of solutions of equations in a free group.
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3. The Canonical Cyclic JS] Decomposition of a Limit Group

In section 2 we have constructed the (canonical) abelian JSJ decomposition of a
limit group L., which includes (in an appropriate sense) all abelian splittings of L. To
analyze sets of solutions to systems of equations in a free group we will be interested
not in all abelian splittings but rather in cyclic ones. Theorem 1.5 shows that if L
is freely indecomposable and not abelian it must admit a non-trivial abelian splitting,
hence, in case it is not abelian nor a surface group it’s abelian JSJ decomposition
is not the trivial one. In this section our goal is to prove analogous statements for
cyclic splittings of L., 1e., we prove that if L., is freely indecomposable and not
abelian it must admit a cyclic splitting, and we define it’s non-trivial canonical cyclic
JSJ decomposition. We prove the existence of a cyclic splitting of L., by showing that
if the JSJ decomposition of L. contains only non-cyclic abelian edge groups, one
may further refine the abelian JSJ decomposition of L., which clearly contradicts the
canonical properties of the JSJ (theorem 2.7).

With the notation of the first section let G be a f.g. group, let {4, |4, : G — F;}
be a convergent sequence of homomorphisms, and let L., be the corresponding limit
group and (Y, y) the corresponding limit tree.

Defination 3.1. — We say that a cyclic splitting of a limit group, Lo = AxzB or Lo = Axy,
is essential, if both vertex groups A and B are not cyclic. We say that it is principal if it 1s essential,
and either A s abelian or the centralizer of the edge group 7. in L, s cyclic.

Theorem 3.2. — Let L, be a non-abelian and freely-indecomposable limit group. Then L
admits a principal cyclic splitting.

Proof. — Since L., is freely indecomposable it admits a canonical abelian JSJ
decomposition by theorem 2.7. Note that since every abelian subgroup in L. is
contained in a unique maximal abelian subgroup by lemma 1.4, all vertex groups
which are adjacent to an abelian vertex group in the abelian JSJ decomposition of
L. are non-abelian. We construct an abelian splitting A of L. in the following
way. If the abelian JSJ decomposition of L., contains no cyclic vertex groups we set
A to be the abelian JSJ decomposition. Otherwise, for each cyclic vertex group in
the abelian JSJ decomposition we collapse an edge which connects the cyclic vertex
group to a neighbor. We set Ar__ to be the obtained abelian decomposition. Since L,
is a limit group, i.e., it is obtained from a convergent sequence of homomorphisms
{l|l, : G — F}, A1 is a non-trivial abelian decomposition. Indeed, from the sequence
of homomorphisms {%,} we can extract a subsequence that converges to an action of
L. on some real tree Y. From this action, we get a graph of groups © with abelian
edge groups and fundamental group L.,. Since the real tree Y was obtained from a
sequence of homomorphisms {4,|, : G — F;}, if C is a cyclic subgroup of L, C fixes
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a point in Y, and if a non-trivial subgroup C’ < C fixes a non-degenerate segment in
Y, then C fixes that segment as well. Hence, if L., inherits a cyclic splitting from its
action on the real tree Y, then this cyclic splitting is essential. Therefore, there exists
either a non-cyclic abelian splitting of L., or an essential cyclic splitting of L., so
A1 1s non-trivial.

Clearly, if A;_ contains an edge with cyclic stabilizer, L., admits an essential
cyclic splitting. If the centralizer of this edge stabilizer is also cyclic, L, admits a
principal cyclic splitting. Hence, we may assume that the centralizers of all edge groups
in Ar,__ are abelian and non-cyclic, and that Ay__ contains no vertex with an abelian
non-cyclic vertex group A so that all edge stabilizers connected to this vertex generate
a cyclic subgroup in A.

Recall that if A is a (finite) graph of groups with fundamental group H, and T is
a maximal subtree in the graph of groups A, then A is generated by the vertex groups
in the maximal tree T, and elements that correspond to edges in A that are not in the
maximal tree T, that are called Bass-Serre generators.

Let g1,...,g, be a set of generators of G. Clearly, L. = <n(g),...,n(g) > We
fix a maximal subtree of the graph of groups Ar_, set V! ,.., V™ to be the vertex
groups in that maximal subtree, E! ,..,E! to be the (abelian) edge groups in A_,
and ¢! ,...,t" to be the set of Bass-Serre generators in Ar_ with respect to our fixed
maximal subtree. Since we assume that L., admits no principal cyclic splitting, the
centralizers of all the edge groups E/_ are abelian and non-cyclic and, in particular,
the abelian JSJ decomposition of L., contains no CMQ) subgroups.

] m

Let U}, vens vél, cees Uy ey Uy B, ey y b elements in G for which n(v)), ..., n(y, ) € Vi,

for every 1 <i< m, n()=¢, and for every generator g; of G:
1
gi=wi vy, ..., P by).

~ Clearly, we may assume that each of the vertex groups V. is generated by
r](vll),...,r](vzl_) and the edge groups E/_ connected to the vertex stabilized by V' in

Ar_. . For each j let ejl, eé, ... € G be a set of elements for which r](e‘;,) € E/_ and in
addition r](e]i), n(e‘é), ... generate the edge group E/_.

Our strategy in proving theorem 3.2 is to show that if A;_ contains no principal
cyclic splitting, then the abelian JSJ decomposition of the limit group L. can be
further refined, which clearly contradicts its canonical properties. If we could have
assumed that all the vertex groups in the graph of groups A;_ are f.g. then since a
f.g. subgroup of a limit group is a limit group, each of the vertex groups of Ar__ is a
limit group. Hence, every non-abelian vertex group in /\;_, admits a non-trivial abelian
JSJ decomposition, and the abelian edge groups of A;_, that are all assume to have
non-cyclic centralizers, are elliptic in these abelian JS] decompositions. Therefore, the
abelian JS] decompositions of the non-abelian vertex groups in A;__ can be used to
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construct a proper refinement of the graph of groups A;__, that gives rise to a proper
refinement of the abelian JSJ decomposition of L.

Unfortunately, the edge groups in the abelian JS] decomposition of Ap__ may
not be f.g. and so are the vertex groups in Ar__. To construct a proper refinement of
the abelian JS] decomposition of L., in the presence of vertex groups that may not
be f.g. we apply the shortening argument presented in section 3 of [Se4]| for proving
the Hopf property of hyperbolic groups. Using the shortening argument we construct
an action of a quotient of the limit group L., Q ., on some real tree R, where the
vertex groups in the given abelian JSJ decomposition of L., are embedded into Q) .,
and at least one of those vertex groups act non-trivially on the real tree R. This gives
us an abelian decomposition of that vertex group, that can be used to obtain a proper
refinement of the given abelian JSJ decomposition of the original limit group L.

The shortening argument we apply is rather involved technically because we can
not assume that vertex groups are finitely generated. A reader who is not familiar with
the shortening argument may choose to look first at an excellent presentation of the
shortening argument in case the vertex groups are f.g., that appears in M. Bestvina’s
survey paper on R-trees ([Be], 7.4).

Our goal is to construct a proper refinement of the abelian JS] decomposition of
L. We start by defining a sequence of finitely presented groups {U,} together with
homomorphisms 1, : U,_; — U, which approximate the f.g. group L,. The groups
U, admit homomorphisms into F;, and the abelian decomposition A, of L., can be
“lifted” to (f.g abelian) decompositions of each of the U,’s. This lifting property of
the U,’s is crucial in applying our shortening argument ([Se3], [Ri-Sel]) for obtaining
further refinements of the abelian JSJ decompositions of L, in case L., does not admit
a principal cyclic splitting, and was first introduced in proving the Hopf property for
hyperbolic groups [Se4].

We define the groups U, iteratively. We set U; to be a free group generated by
the elements:

1 1 m m 1 s
U, = <y, s Kg ey K5 e Xp 5 Py e Dy 25 ey 21

Clearly, the homomorphism /4, : G — F; lifts to a homomorphism A, : U, — F; by
setting: )\l(x;):/n(v;), M) =h(t) and Ni(z))=hi(e)). We define U, to be the group
generated by:

1 1 m m 1 s 1 s
Upy= <uxp,..., Xg s eees KLy vy Xg 5 Dy wees Iy Zls wees B K5 w03 R >

together with the relations [zjl, ,sz] =1 for j=1,...,s5. Clearly, there exists a natural
homomorphism 1, : U} — Uy. By part (i) of lemma 1.3, for ay large enough the
homomorphism /4, : G — F; lifts to a homomorphism A, : Uy — F, by setting:

Ao(X)) = (), Ma( ) = Py (1), Mo(2)) = hay(€)) and As(zh) = hoy(e).
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Defining U, and U, we continue by defining the groups U,, the homomorphisms
T, and the homomorphisms A, iteratively. We first define the group H, to be the group
generated by:

s

1 1 m m 1 s 1
Hy= <y, X s oo Kl ey K 5 V15 eV Rl o5 1y ooy Zps w03 B =

together with the relations [zél , zéQ] =1forj=1,..,sand py, po=1,...,n. The group H,
admits a natural epimorphism g, onto L., defined by setting Gn(x;) = r](v;), o,(y) =1,
and Gn(z{i):r](e{;). We define the group U, to be a quotient of the group H,. To the
existing set of relations of H, we add all words w in the given defining generators of
H, for which o,(w)=1, the length of w in the defining generators of H, is at most 7,
and all the generators appear in the word w are mapped by 0, into the same vertex
group V'_ in the abelian decomposition Ay of L.

Clearly, there exists a natural map 1, : U,_; — U,, and by part (iii) of lemma
1.3, there exists some integer a, > @, ; so that the homomorphism #, : G — F;
lifts to a homomorphism A, : U, — F, defined by: A,(¥)) =/, (1), A 3)=h,(t), and
)\n<z]d) = han <5]d)'

Since the second set of defining relations of the group U, are all words in
generators which are mapped by 0, into the same vertex group in A;_, each of
the groups U, admits an abelian splitting A, which projects by o, into the abelian
decomposition A, of L., 1.e., each of the vertex groups V; in A, satisfies 0,(V ;) <V,
each of the edge groups E{l = < ,zjl, oy z{l > satisfies G,,(E{l) < EJ_, and each of the Bass-
Serre generators in A, satisfies 0,(y,)=1t.,. We will denote by Mod(U,) the subgroup
of AufU,) generated by inner automorphisms and Dehn twists along edges of A,.
We set W, to be the subgroup of U, generated by the x;’s and the y,’. Clearly, the
homomorphism 1, : U,_; — U, restricts to an epimorphism from W,_, onto W,, and
A, restricts to a homomorphism from W, into F;. Defining the groups U,’s and W,’s
and the homomorphisms between them we have obtained the following diagram:

1 e A
| | | |
v 5 U - U, S,
ol u | gl
Fk Fk Fk Fk

where the direct limit of the {W,}’s and the maps 1,’s is the limit group L.

At this stage we are finally ready to modify the shortening argument of ([Se3],
[Ri-Sel]) in order to further refine the abelian JSJ decomposition of L., in case L.
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does not admit a principal cyclic splitting. Let T be a maximal tree in A;__. We may
order the m vertices ¢; in T, so that ¢, is connected to ¢9, ¢3 is connected to the
subtree of T spanned by ¢; and ¢y, and in general ¢, is connected to the subtree of T
spanned by the pre-chosen vertices ¢1, ¢, ..., gp—1.

Without loss of generality we may assume that this is the original order defined
on the vertex groups V'  of the abelian decomposition A;__ of L. Let X be the
Cayley graph of the free group F; with respect to a (fixed) finite set of generators, and
let dx be the standard simplicial metric on X. For each element f € I}, each positive
integer n, and each automorphism ¢ € Mod(U,) we define the following (stretching)
constants:

Min, /, 0) = max (dx (id., fAO()) /™)y ooy i (id, SN00)) /7))
Xo(n, f5 0) = dx (id., S AD(0)).S )

and the corresponding (m + b)-tuple:

lup (ﬂ,ﬁ ¢>:(H1(”:fa q)): cees M (ﬂ,ﬁ q)): Xl(n: ﬁ ¢): ey Xb (ﬂ,ﬂ ¢>)

On the set of (m + b)-tuples we define the natural lexicographical order, and
for each n we choose f, € F; and ¢, € Mod(U,) for which wp(n, f,, ¢,) is a minimal
(m + b)-tuple in the set {tup(n, f, §)} with respect to the lexicographical order. We set
disp, to be the sum of the elements in the (m + b)-tuple twp (n, f,, §,).

If w;, wy € W) are a pair of elements for which 0;(w)), 0,(w,) € V¢ for some i,
then for some index 7y and for every n > ngy, T, 0 ... 0 To(w;) and T, o ... o To(ws) belong
to the same (i-th) vertex group V; in the (f.g abelian) splitting A, of U,. Hence, for
every n > ny both T,0...0Ty(w;) and T, o ... 0 To(wy) are being mapped to their (same)
conjugates by every modular automorphism ¢ € Mod(U,), and in particular, by the
chosen one ¢,. Since in addition at least one of the vertex groups V'_ contains abelian
non-cyclic subgroups, there could not exist a sequence of indices n; < ny < ... and
corresponding eclements /, € F; so that for every index j, /, conjugates A, © ¢,,J(x;]) into
A, © (I),l](xj,) for i=1,..,m and p=1,...,¢; and conjugates )\,lj. o d),y(y,,) into A, o4, ()
for every r=1,...,b. Therefore, in particular, the sequence of displacement constants
{disp,} does not contain a bounded subsequence, i.e., disp, — 0.

The groups W, admit a natural action on the Cayley graph X of F; which we
denote p, : W, x X — X, by setting p,(w, x)= A, 0¢,(w)(x) for every w € W, and x € X.
Since the sequence of displacements {disp,} is not bounded, and the group W, is a
natural quotient of the group W;, we may rescale the metric on the Cayley graph
X by disp,, and apply proposition 1.1 ([Pa], 2.3) for the sequence of actions {p,} to
obtain a subsequence (still denoted {p,}) converging into a (pointed) real tree (R, 7p)
equipped with a non-trivial isometric action of W,. We set KW to be the kernel
of the action of W, on the real tree R, and the fig. group Q ., to be the quotient
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Q..=W;/KW_. Q. is also a limit group so it satisfies lemmas 1.2, 1.3 and 1.4 and
its action on the pointed limit tree (R, 7)) satisties the properties given in theorem 1.5.

L., is the direct limit of the groups {W,} and the epimorphisms {1,} between
them. Since if ), wy € Wy are a pair of elements for which no A(w,), no Aj(w,) € Vi
for some ¢, then for some index ny and for every n > ny, T,0...0Ty(w;) and T,0...0Ty(wy)
belong to the same (i-th) vertex group V, in the (fg. abelian) splitting A, of U,, for
every n > ny both 1,0 ...0Ty(w;) and T, o ... 0 To(wy) are being mapped to their (same)
conjugates by the chosen automorphism ¢,. Hence, V'_ is naturally embedded in the
group Q ... By our construction, Q ., is generated by the subgroups V_ and the
images of the elements y, € W, in Q .

Proposition 3.3. — If all the subgroups V! ,..,N™ (the vertex groups in the abelian
decomposition Ny, of L) fix points in the pointed real tree (R, 1y), then they all fix the base point
Ty € R.

Proof. — By our assumptions V!  fixes a point » € R. For fixed index n, the
conjugating elements {f,} and the modular automorphisms {¢,} were chosen to
minimize the (m+ b)-tuple tup (n, f, §), so in particular for fixed n, the chosen elements
have to minimize the stretching constant W;(n, f, ).

If V! does not fix the base point 7, € R, then for some ny and all n > ng it is
possible to find elements %, € F; for which:

max dx (id., by f, M@)o "By ) < max dx (id., £ M (@u(x,)) f1 ).

1<p<t 1<p<ly

Hence, W (n, &, fo, ¢.) < Wi(n,f,, ¢,), which implies twup (n, h, f,, §,) < tup(n,f,, ¢,), a
contradiction to the choice of the pair f,, ¢,. Therefore, V! fixes the base point

1 € R.

V! fixes the base point 7y € R, so if the claim of proposition 3.2 does not hold

. .. . . ip—1 .

there must exist a minimal index 7, so that V}X),...,Vgo fix the base point , € R
whereas V& does not fix n, € R. To prove the proposition we adapt the shortening
argument of [Se3] and [Ri-Sel] to show that in this last case it is possible to find a
sequence of modular automorphisms {a, € Mod(U,)} so that for some index ny and
every n > 1.

tup (n>.ﬁlﬂ ¢Vl © a”) < tup <n7‘f;l5 q)n)

io—1 ) i

Lemma 34. — If VI .. .V&  fix the base point 1, € R and Voo does not fix the

point 1y, then there exists some index ny so that for all n > ny there exist modular automorphisms
a, € Mod(U,) for which:
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@) a,(VY=V' for i=1,...i — L.
(i) Mg, s §n 0 0) < Wig(n, frs §0)-

Proof. — Identical to the proof of theorem 6.10 in [Ri-Sel]. O

By lemma 3.4, if ¢ is the first index for which V@o does not fix the base
point 7y € R, then for some index 7y, and all n > ny it is possible to find modular
automorphisms a, € Mod(U,) for which:

<1> Uz‘(”;ﬁ’ q)n o O(n>:l1i<”aﬂ, q)n) fOl" Z: 13 ceey Z.0 —1
(2> Uz‘(,(”:ﬂa (I)n o un) < llz'o(”;ﬁ: q)n)'

Hence, tup (n, f,, ¢,00Q,) < twp(n, f,, ¢,) in the lexicographical order on the (m+ b)-
tuples up(n, f, ¢), which clearly contradicts the way the pair ( f,, ¢,) were chosen.
Therefore, all the groups V'_ have to fix the base point 7y € R and the proof of
proposition 3.3 is concluded. O

Showing that all vertex groups V'_ fix the base point 7y € R, we continue by
showing that the images of the elements y,...,», In Q o fix 7 as well. Since Q ., 18
generated by the V'_’s and the images of the js, we will get that the entire group
Q . fixes the base point 7y, a contradiction to the non-triviality of the action of Q
on the real tree R, hence, at least one of the groups V! ..., V" does not fix a point
while acting on the real tree R.

Lemma 3.5. — Suppose that not all the elements yy, ...,y fix the base pont 1y, and let jo
be the minimal index for which y;, does not fix the base point ry € R. Then there exists some index
ny so that for all n > ny there exist modular automorphisms B, € Mod(U,) for which:

@ B(VY=V' fori=1,...m.
(i) Buly) = for j=1, .o — L.
<iii> on(n)ﬁw ¢n © Bn) < Xj@(”:ﬁu ¢n>

Proof. — Identical to the proof of theorem 6.13 in [Ri-Sel]. O

By lemma 3.5 if jy is the first index for which y; does not fix the base point
70 € R, then for some index ny and all n > ny it is possible to find modular

automorphisms 3, € Mod(U,) for which:

(1) Wiln, fo, &, 0B =HW(n, [, ¢,) for i=1,....;m
(2> Xj(n:‘ﬁta ¢n o Bn) :X./(nﬁj;l: q)n) for ]: 1: "':jO —1
<3> Xj0<n>fl> ¢n © Bﬂ) < Xj0<n>fl> ¢n)

Hence, tup (n, f,, ¢,0B,) < tup(n, f,, ¢,) in the lexicographical order on the (m+ b)-tuples
tup (n, f, ¢), which clearly contradicts the way the pair ( f,, ¢,) were chosen. Therefore,



DIOPHANTINE GEOMETRY OVER GROUPS I: MAKANIN-RAZBOROV DIAGRAMS 51

if all the groups V! ,..., V™ fix points in the real tree (R, 7)) then all the groups Vi_
and all the elements y; have to fix the base pomt 7, € R. Since Q)  is generated by
the groups V'_ and the elements y;, the entire group Q ., fixes the base point 7, € R.
This clearly contradicts the non-triviality of the action of () ., on the real tree R, and
therefore:

Proposition 3.6. — At least one of the vertex groups in the abelian decomposition Ny, of
Loo, VL, ..., V™ | acts non-trivially on the pointed real tree (R, rp).

Since the limit group L, was assumed non-abelian, and since by lemma 1.4
every abelian subgroup of L., is contained in a unique maximal abelian subgroup
and every maximal abelian subgroup is malnormal, not all vertex groups in Ap_,

V., .., V" are abelian.

Lemma 3.7. — Let A be an abelian subgroup of one of the groups V' . Then either A
Sixes a point in the real tree R, or A can be wnitlten as a direct sum A=A+ <a,...,a. > where
<a,..,a >=71° A fixes a point in the real tree R and no non-trivial element a € < ay, ..., a, >

fixes a point in R.

Progf: — The lemma is obvious if A is cyclic, so suppose A is non-cyclic. Since
A < V'_ it is naturally embedded in Q. If Q. is freely decomposable, A is a
subgroup of one of the freely-indecomposable factors of Q) ., Q The action of Q
on the real tree (R, 7)) can be analyzed using theorem 1.5 ([Se3], 3.1). It follows from
that theorem that an abelian subgroup can either fix a point in (R, 7)), preserve an
axial component in (R, 7y), or fix an axis of one of its elements and this axis is not an
axial component in (R, 7).

If A fixes an axial component, then A can be expressed as a subgroup Stab <A
that pointwise stabilizes this component, direct sum with a fig. free abelian subgroup
of A, where this f.g. free abelian subgroup acts faithfully on the axial component
preserved by A. If A preserves a line in (R, 7)) which is not an axial component, A
can be expressed as a subgroup Stab < A which fixes this line direct sum with a cyclic
subgroup G of A that acts discretely on the line preserved by A. O

Proposition 3.6 proves that at least one of the vertex groups V!  acts non-
trivially on the limit tree (R, 7y). To get a contradiction, we show that if the abelian
JSJ decomposition of L., contains no principal cyclic splittings, then each of the non-
abelian vertex groups V'_ admits a fixed point when acting on the limit tree (R, 7).

Proposition 3.8. — If N\ contains no principal cyclic splittings, then every non-abelian
vertex group V' in Ny fixes a point 1; € R when acting on the real tree (R, rp).
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Progf. — Suppose V'_ is not abelian and it does not fix a point in the real tree
(R, 7). Vi_ is generated by the abelian edge groups E/_ together with the finite set
of elements v}, ..., vlgl. Hence, by lemma 3.7, V'_ is generated by finitely many abelian

subgroups Ail, ...,Ai that admit fix points while acting on (R, 7)) together with a finite
set of elements vzl,...,vlea. Therefore, by theorem 1.5 V'_ inherits a finite graph of

groups from its action on (R, 7)), a graph of groups which is non-trivial and in which
all edge stabilizers are abelian.

By lemma 2.1 we can modify this finite graph of groups to get a non-trivial
abelian splitting T of V. in which all non-cyclic maximal abelian subgroups are
elliptic, and by theorem 1.5 if I’ contains a cyclic edge group then V!  admits a
principal cyclic splitting in which all non-cyclic maximal abelian subgroups are elliptic.
Now, we can properly refine the abelian decomposition AL by replacing the vertex
stabilized by V¢  with . If T'" contains a cyclic edge group, L., admits a principal
cyclic splitting and the theorem follows. Otherwise, the obtained proper refinement can
not be obtained from the abelian JSJ decomposition of L., by a sequence of foldings,
collapsings, slidings, and modifying boundary monomorphisms which clearly contradicts
the canonical properties of the abelian JSJ decomposition of L, (theorem 2.7) and the
proposition follows. O

Since by proposition 3.8 all non-abelian vertex groups V.  in the abelian
decomposition Aj_ are elliptic when acting on the real tree (R, ), and since by
proposition 3.6 not all the vertex groups V. .., V" fix points in (R, 7)), there must

exist at least one abelian vertex group V& that does not fix a point in (R, 7). By
lemma 3.7 Vo =A% + D® where A% fixes a point in the real tree (R, ) and D is a

f.g free abelian group that acts faithfully on the line preserved by Va.
Since every maximal abelian subgroup in L., is malnormal, all adjacent vertex
groups to an abelian vertex group in /\;__ are non-abelian. Since all non-abelian vertex

groups fix points in (R, 7y) all edge groups connected to VY, are subgroups of AY. If

A% is an infinite cyclic subgroup of Vi we have found a principal cyclic splitting of
the limit group L., hence, we may assume that A is non-cyclic.

We set Ll to be the fundamental group of the graph of groups obtained from
Ar_. by replacing the vertex group Voo with its subgroup A9, Clearly, 1. is a subgroups
of Lo, and since Vo = A% + D%, L! is also a quotient of L. Hence, L. is f.g. as well,
and the first Betti number of L!_ is strictly smaller than that of L..: &;(L.) < &;(L..). If
L. is freely decomposable, then the abelian subgroup A® can be conjugated into one of
the free factors, so necessarily L, must be freely decomposable as well, a contradiction
to our assumptions. Hence, we may conclude that L. is freely indecomposable.

L! is also a limit group, so we may repeat the shortening argument for L. and
the abelian splitting it inherits from the abelian decomposition A, of L., to obtain a
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new limit group Q' acting on a new real tree (R!, r(l)). By propositions 3.3-3.8 either

one of the non-abelian groups V‘_ acts non-trivially on the new limit tree (R', 7), in
which case it is either possible to obtain a principal cyclic decomposition of L., or to
refine the abelian JS] decomposition of L., which contradicts its canonical properties
(theorem 2.7), or we obtain a new limit group L2, which is a subgroup and a quotient
of Ll , and b (L3) < b;(LL) < b;(Ly). Therefore, after repeating this process finitely
many times (depending on the first Betti number of L) we must obtain a non-trivial
abelian splitting of one of the non-abelian groups V'_, which allows us to either obtain
a principal cyclic decomposition of L. or to refine the abelian JSJ decomposition
of L, and contradict its canonical properties. This finally concludes the proof of
theorem 3.2. 0O

Theorem 3.2 proves the existence of a principal cyclic splitting of a freely-
indecomposable non-abelian limit group. In [Ri-Se2] a canonical (cyclic) JS] decompo-
sition that “encodes” all cyclic splittings of a f.p. freely-indecomposable group is being
constructed. Since all cyclic splittings can be modified to be 2-acylindrical, we may
replace the generalized accessibility of M. Bestvina and M. Feighn [Be-Fe2] used in the
construction of the cyclic JSJ decomposition of fp. groups in [Ri-Se2] by acylindrical
accessibility (theorem 2.6) to obtain the canonical cyclic decomposition of a limit group.
The cyclic JSJ decomposition is obtained by collapsing all the edges with non-cyclic
edge groups in the abelian JS] decomposition of a limit group. Theorem 3.2 shows it
is non-trivial in case the limit group is not abelian.

Theorem 3.9 (cf. ([Ri-Se2], 7.1). — Suppose Lo s freely indecomposable. There exusts
a reduced unfolded 7Z-splitting of Lo, which we call the cyclic JSJ (Jaco-Shalen-fohannson)
decomposition of Lo, with the following properties:

(1) Every canonical maximal QH subgroup (CMQ)) of Lo, s compugate to a vertex group
i the JSJ decomposition. Every QH subgroup of Lo, can be comjugated into one of the
CMQ subgroups of L. Every vertex group in the cyclic JS] decomposition which is not
a CMQ_ subgroup of Lo s elliptic i any Z-splitting of Lo under consideration.

(i1) A one edge Z-splitting Lo =D %, E or Ho, =Dy under consideration which is
hyperbolic in another elementary Z-splitting s obtained from the cyclic JSJ decomposition
of Loo by cutting a 2-orbifold corresponding to a CMQ). subgroup of L. along a weakly
essential s.c.c.

(1) Let © be a one edge Z-splitting Lo =D *; E or Lo =Dxy, which is elliptic with
respect to any other one edge Z-splitting of L. Then © s obtained from the cyclic JSJ
decomposition of Lo, by a sequence of collapsings, foldings, and conjugations.

(iv) Let N\ be a general Z-splitting of L. There exists a Z-splitting I\, obtained from the
cyclic JS] decomposition by splitting the CMQ) subgroups along weakly essential s.c.c.
on their corresponding 2-orbifolds, so that there exists a Lioo-equivariant simplicial map
between a subdivision of the Bass-Serre tree 'Up, to Ta.
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(v) If JSJ, s another cyclic JSJ decomposition of Lo, then JSJ, s obtained from the
JS]  decomposition by a sequence of shdings, comjugations and modifying boundary
monomorphisms by conjugations (see section 1 of [Ri-Se2] for these notions).

(vi) If L s non-abelian then the cyclic JS] decomposition of L, s non-trivial. Furthermore,
the cyclic JSJ decomposition can be collapsed to give a principal cyclic splitting of L, n

this case.

4. Finite Presentability of Limit Groups and w-Residually Free Groups

In the first section we defined limit groups and studied the basic properties of
their action on the corresponding limit tree. Since a limit group is a quotient of a
f.g. group, it is naturally fig. as well. To get a structure theory for sets of solutions
of equations in a free group, we will have to show limit groups are fp. and not
only fig. This will imply, in particular, that a limit group is a w-residually free group
(definition 4.5 below).

To study some of the basic algebraic properties of limit groups we prove that
limits groups are strongly accessible. Strong accessibility for certain classes of splittings
of f.p. groups was recently proved by T. Delzant and L. Potyagailo [De-Po]. However,
limit groups are assumed to be fig. and we still do not know they are fp. so the results
of [De-Po] can not be applied. To prove that limit groups are strongly accessible, we
prove an analogue of a Haken hierarchy for a limit group, and associate with such a
group a canonical analysis lattice, from which some basic algebraic properties of limit
groups can be deduced.

Let L be a limit group. We construct the analysis lattice associated with L., as
follows. At the O-th level of the hierarchy we place L°=L.. If L, is either a free
group, a surface group, or an abelian group this O-th level is the entire analysis lattice.
Otherwise, we first factor L’ =L, into freely indecomposable groups, then in each
factor which is not abelian or a surface group, we define the groups in the 1-st level
of the analysis lattice of L, Li, vy L,l,l1 to be the vertex groups in the canonical cyclic
JSJ decompositions of the freely indecomposable factors of L.,. Note that since L, is
f.g., the groups L, are f.g. as well, hence, they are also limit groups.

To define the next levels we continue iteratively. If a group in the i-th level L
is either a free group, a surface group or an abelian group we don’t continue to the
¢+ 1-st level from this branch. Otherwise, we first factor le into freely indecomposable
factors, and then define the successive groups in the ¢+ l-level to be the vertex groups
in canonical JSJ decompositions of the freely indecomposable factors of sz

Our main technical goal in this section is to show that the construction of the
analysis lattice of a limit group terminates. To do that we will show that the complexity
of limit groups that appear in higher levels in the lattice is smaller than the complexity
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of limit groups in lower levels. To measure the complexity of the limit groups sz we
will use their first Betti number which we denote b;.

Theorem 4.1. — Let L be a limit group. The construction of the analysis lattice of L
lerminates afier finitely many steps.

Proof. — Since we are going to use the first Betti number to measure the
complexity of a limit group, our first step in obtaining theorem 4.1 is showing that the
first Betti number of a non-cyclic limit group is at least 2.

Lemma 4.2. — Let G be a fg. group, let h, be a convergent sequence of homomorphisms of
G wnto ¥y, and let Lo, be the corresponding limit group and Y the corresponding limit tree. If Lo
is non-cyclic then by(Ly) = 2.

Proof. — We may assume L., is non-abelian. The image of the homomorphisms
h, : G — F, is a subgroup of the free group F;. If there exists a sequence of indices
for which the image is cyclic, then by part (iv) of lemma 1.3 L, is abelian, which
contradicts our assumptions. Hence, except for at most finitely many »’s the image of
the homomorphisms £, is a non-abelian free subgroup of F}.

The limit group L. 1s fig and a quotient of the fig group G, so let
L..=G/ <n,nr,.., > We denote by G, the group G;=G/ <r,...,r; >. Clearly there
is a canonical epimorphism from G; onto G, and the direct limit of the groups {G;}
is L. Since for each fixed index i, for all but finitely many »’s, the homomorphisms
h, : G — F, split through Gy, i.e., they can be written as a composition 4,=f, o f'
where p' is the canonical quotient map from G onto G;, and f ; is a homomorphism
from G, into F;, G; admits a non-abelian free quotient, so 4,(G;) > 2. Since L., is the
direct limit of the groups G; and the canonical epimorphisms between them:

biG) = by(G) = 51(Ga) = oo = 51(G) > ... > by(Loo).

If A, Ay, As,... 1s a sequence of fig abelian groups so that there exist
epimorphisms from A; to Ay, for every s, then there must exist some s, for which
A,

0

follows that there exists some index i, for which:

~ Aj+1 =~ A+ = ... Applying that for the first homology groups of the G/’ it

b1(G) = b1(Giy1) = b1(Gjpeo) = ... = b1 (Lc)
so bi(Le)>2. O
We will prove theorem 4.1 by induction on the first Betti number of a limit

group. By lemma 4.2 a limit group L., with b;(L.)=1 is cyclic, the analysis lattice of
a cyclic group has only 1 level, so theorem 4.1 is valid for limit groups with first Betti
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number 1. To be able to use the inductive hypothesis for proving the termination of
the construction of the analysis lattice, we need the following fact.

Proposition 4.3. — Let L.°° be a limit group. H L} i a group in the i-th Zeyel of the analysis
lattice of the limit group L, Lffl is connected to LJZ« and LJZ«J;Q i connected to L}Tl in this lattice,

. +9 . .
then either Ll»,, is abelian or a surface group or a free group or:

() ba(Ly07) < ba(L).
(1) L J,r i a subgroup of another limit group D for which: b (DlJ,rl) <b (L)
(1) L J,r, i a subgroup of another limit group D B for which: b (D ) <bh (L)
iv) L J,r i a subgroup of another limit group M for which: b (MM) =) (LJZ)J and the furst

Bettz number of the graph corresponding to t/ze canonical cyclic JS] decomposition of M;H
is strictly bigger than the furst Betti number of the graph corresponding to the canonical
cyclic JSJ decomposition of le

Proof. — We will assume that L;J,r,z is not abelian, nor a surface group nor a free
group. Since Lli is connected to groups in the :+ l-level of the analysis lattice, L/Z, and
similarly LTI, are not abelian. If M =A B then 4,(M)=b,(A)+ b,(B). Since the groups
connected to L/ in the 7+ 1-level are vertex groups in the cyclic JSJ decomposition of
freely indecomposable factors of L]Z, if L;J,rl is connected to L; in the analysis lattice
then (L") < by(L). If 6L ") =4(L) then L must be freely indecomposable, and by
lemma 4.2 and a simple homological computation only one vertex in its canonical cyclic
JSJ decomposition i is non- cyclic. By theorem 3.2 a limit group admits a principal cyclic
splitting, so if 4, (L h=bn (L)) the cyclic JSJ decomposition of Lj is not a tree of groups

with one non-cyclic vertex group. Hence, if we suppose case (i) of the proposition does

not hold, i.e., bl(L;-):bl(I;Tl)—bl( ;T,Q), then the cyclic JSJ decompositions of L and

Lfrl contain one vertex with non-cyclic vertex group, bouquet of circles based on this
vertex and, perhaps, some additional vertices with cyclic stabilizers located either in
the interior of a circle or connected by a unique edge to the vertex with non-trivial
stabilizer.

To simplify notation we set L fL Lo fL]l-Tl and Ls fL],, . We set A, to be the
cyclic JSJ decomposition of L;, and Ay to be the cyclic JSJ decomposition of Ly. The
cyclic splitting A; has one vertex group, Ly, bouquet of circles, with cyclic edge groups
< ¢ >,.., <¢ > and Bass-Serre generators {,...,# so that ¢t : = ¢, and perhaps
some additional vertices stabilized by cyclic vertex groups each connected by a single
edge to the vertex stabilized by Ly. We set L, to be the subgroup of L; generated by
Ly and the cyclic vertex groups connected to the vertex stabilized by L;. The cyclic
splitting Ay has one vertex group, Ls, and bouquet of circles, with Cyclic edge groups
<e >

, .y < ¢ > and Bass-Serre generators by, ..., b, so that bje]bj —e and perhaps
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some additional vertices stabilized by cyclic vertex groups each connected by a single
edge to the vertex stabilized by Ls. Let ¢, ..., ¢, be the entire collection of edge groups
in Ap. We set Ly to be the subgroup of Ly generated by Ls; and the cyclic vertex
groups connected to the vertex stabilized by Ls.

At this point we use the shortening process used in proving theorem 3.2, applied
to the cyclic splitting A; of L;, and obtain a (new) limit group D, together with a
canonical map v : L — D,,. By construction v maps the group L, monomorphically
into Do. If Dy, is freely decomposable, then either I: is freely decomposable or
b(Le) < bl(i;) < b(Dx) < b1(Ly), so in both cases part (i) of the proposition holds.
Hence, we may assume that D, is freely indecomposable, and D, is clearly not
abelian, so Do, admits a canonical (non-trivial) cyclic JSJ decomposition. If D, = UxcM
where C is cyclic and M is non-cyclic abelian, then Iy < U and 6,(U) < (Ly) — 1,
so if we set D;J,r,z to be the subgroup U of D, part (i) of the proposition follows.
Hence, we may assume that every non-cyclic abelian subgroup of D, is elliptic in its
canonical cyclic decomposition. We denote the cyclic JSJ decomposition of D, Ap.
Note that by lemma 2.3, Ap i1s a 2-acylindrical splitting.

D, is generated by the images (under the homomorphism V) of Ly, the Bass-
Serre generators /, ..., # and the cyclic vertex groups in A;. By the way the shortening
argument was defined if v(Ly) fixes a vertex in Ap, or more generally, if all the elements
v(c1), ..., V(¢r) fix the same vertex in Ap, the cyclic splitting Ap is either degenerate or
it is a tree of groups with only one non-cyclic vertex group, so D, does not admit a
principal cyclic splitting, a contradiction to theorem 3.2. Furthermore, since A contains
a unique non-cyclic vertex group, if all the elements V(¢)),...,V(¢;) are elliptic in Ap,
they must fix the same vertex in Ap. Hence, v(Ly) does not fix a vertex in Ap, so it
inherits a cyclic decomposition 'y from Ap, Ls fixes a vertex in Iy, this vertex is the
only one stabilized by a non-cyclic group in 'y, and at least some of the elements v(¢;)
are not elliptic in I.

Let Vp be the vertex group stabilized by Ls; in Ap. Since the cyclic JSJ
decomposition of Ly contains a unique non-cyclic vertex group (L), if v(¢;) is elliptic
in Ap for some ¢, V(¢;) fixes either the vertex stabilized by Vp or a vertex connected
to Vp and stabilized by a cyclic vertex group in I.

(), if v(e) is hyperbolic in Ap so is V(¢). Since Ly is

Since V(¢)=V(L)V(c!
freely indecomposable, and the cyclic JSJ decomposition of Ly is Ay, each edge in
the axis of V(¢;) and v(¢) has to be stabilized by some conjugates (by elements in the
subgroup V(L)) of the elements V(e), ..., V(e,). V() maps the axis of V() to the axis of
V().

First, suppose that v(#) maps an edge E stabilized by V(alejal_l) for some a; € Ly
in the axis of V(¢;), to an edge E’ stabilized by v(asga, 1) for some ay € Ly. If we denote

a3 =aa,  then the element dizv(ti)v(agl) fixes the edge E. Hence, there exists some
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element ¢ in the (cyclic) stabilizer of the edge E, for which d;=¢ and V(zfi):ev(agl).
Since ¢ and V(alejafl) belong to the same cyclic subgroup in D, and Vv(4) conjugates
V(e;) to V(c), bi(<e,V(Ly) >) < bi(Ly) — 1 < by(Ly). Hence, in this case we set D;Tl to
be the subgroup < e, V(Ly) > of Do, &(D5") < (L), and case (i) holds.

Let ¢,...,¢v be the cyclic edge groups in A; for which v(¢),...,v(¢) are not
elliptic in Ap. Let Ei,..,E; be the orbits of edges in Ap under the action of Ly,
that intersect non-trivially the axes of v(¢)),...,V(¢r), V(¢}), ..., V(¢}). Each of the (images
of the) Bass-Serre generators V() maps the axis of the element V(¢;) to the axis of
the element v(¢)), for :=1,..,k, so each of the elements V() maps edges from the
orbits Ey, ..., E; to edges from these orbits. We construct a (labeled) finite graph A with
vertices corresponding to the orbits Ey, ..., E,, and we connect two vertices E; , E;, by
an edge, if an element V() maps an edge that is in the orbit of E; to an edge that
is in the orbit of E;. In this case we label the edge E; , E;, with the label v(4). Note

4t >
that for each label v(), there is at least one edge in A that 1s labeled by v(4).

If there are loops in A, then the argument given above implies that L, can
be embedded in a limit group D, , for which &, (lel) < by( j), and case (i) of the
proposition holds. Hence, we may assume that A contains no loops. If there is a circle
in A for which the edges in this circle are labeled by distinct labels, then the same
argument applies, so we may assume that there are no such circles. Therefore, the

number of orbits Ei, ..., E; is strictly bigger than the number of labels v(t), ..., v(#).

Ly inherits a graph of groups I'y from Ap, that has one non-abelian vertex group
and a bouquet of s circles, in which the elements Oprt1s o5 G and ¢4, ..., ¢, are elliptic.

We set the limit group M, that is a subgroup of L to be the fundamental group of
the graph of groups obtained from Iy by adding loops with edge groups cp+1, ..., ¢
and Bass-Serre generators i, ..., that conjugate ¢ to ¢, in correspondence, for
1=K +1,.,k

By construction, 6, (M) < bl(I;) and Ly 1s embedded in M. If 5, (M) < (L ) then

case (i) of the proposition holds, hence, we may assume that 4,(M)= 5, (L) If M is
freely decomposable, then either Ly is freely indecomposable or Ly can be embedded
into a limit group with a strictly smaller Betti number, so either case (i) or case (ii) of
the proposition hold. Hence, we can assume that M is freely indecomposable. If the
cyclic JSJ decomposition of M contains more than one non-cyclic vertex group, then
Ls can be embedded into a limit group with a strictly smaller Betti number, and case
(i11) of the proposition holds. Hence, we may assume that the cyclic JSJ decomposition
of M, that we denote A;, contains a unique non-cyclic vertex group, and at least £+ 1
loops based on the vertex that is stabilized by that non-cyclic vertex group. In this
case, b)(M )= bl(L}), Ly :L;Tl is embedded into M, and the Betti number of the graph
associated with the cyclic JSJ decomposition of M, A, is strictly bigger than the first
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Betti number of the graph associated with the cyclic JS] decomposition of L]l:, hence,
case (iv) holds. O

At this point we are ready to complete the proof of theorem 4.1 by induction on
the first Betti number of L. If 4;(Ly)=1, Ly is cyclic by lemma 4.2 and its analysis
lattice contains only one level. Suppose b;(L.,) > 1. Let Lf,, LJS be the beginning of

a branch of the analysis lattice. If Lf, or Lj3 are abelian, free or surface groups, then
they are terminal points in the analysis lattice, and the construction of the analysis
lattice terminates along the given branch. If cases (1)-(iii) of proposition 4.3 hold, then
LJ?, or ng,, can be embedded into a limit group with strictly smaller Betti number, so
the construction of the analysis lattice along our given path terminates after finitely
many steps by our inductive hypothesis. If case (iv) of proposition 4.3 holds, then Lf,

can be embedded in a limit group M;-Z,, with the same Betti number as that of L, but
for which the Betti number of the graph corresponding to the cyclic JS] decomposition
of Mf, is strictly bigger than the Betti number of the graph corresponding to the cyclic
JSJ decomposition of L.,. Since the Betti number of the graph corresponding to a
graph of groups is bounded by the Betti number of the fundamental group of the
graph of groups, case (iv) of proposition 4.3 can be iteratively applied only finitely
many times before one of the cases (1)-(ii1) applies, and our inductive hypothesis can be
applied to imply the termination of the construction of the analysis lattice after finitely
many steps. O

The termination of the construction of the analysis lattice is the key technical tool
for understanding the algebraic structure of limit groups. In fact it can be viewed as a
(canonical) “Haken Hierarchy” for limit groups. The following algebraic properties of
limit groups are an immediate corollary. Similar properties of w-residually free groups
(that are shown to be limit groups in the sequel) were proven by O. Kharlampovich
and A. Myasnikov (see corollaries 3 and 4 of theorem 6 in [Kh-My]).

Corollary 4.4. — Let L, be a limit group. Then:

(1) Lo s finitely presented.
(i1) An abelian subgroup of Lo s a fg free abelian group. The rank of a free abelian
subgroup is bounded by the first Betti number of L.
(1) If Lo does not contain a non-cyclic abelian subgroup then L., s (Gromov) hyperbolic.

Proof: — The analysis lattice shows that a limit group can be constructed from
abelian, free, and surface groups by a finite sequence of amalgamated products and
HNN extensions over cyclic groups and free products, hence, it is finitely presented,
and we get (1). Every abelian subgroup of a limit group which is not cyclic or Z+7 is
elliptic in its cyclic JSJ decomposition. Therefore, such abelian subgroup of L., must
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appear as a terminal vertex group in the analysis lattice, so it must be fg and its
rank is bounded by the first Betti number of L.. A limit group is torsion-free by
lemma 1.3 which gives us part (i1). If L., does not contain non-cyclic abelian groups,
it 1s constructed from free and surface groups by a sequence of amalgamated products
and HNN extensions along cyclic groups and free products, and since every cyclic
subgroup of a limit group is contained in a unique maximal cyclic one by lemma 1.4
and part (i1), such limit group is a hyperbolic group by the combination theorem of
M. Bestvina and M. Feighn [Be-Fe3]. O

The finite presentability of limit groups is a key tool in our analysis of sets of
solutions to equations. It is the source for all the finiteness results we will get both for
these sets and in dealing with the elementary theory of free groups in our continuation
papers. An immediate implication of the finite presentability is equivalence between
limit groups and f.g. w-residually free groups.

Definition 4.5. — Let H be a group. H is called residually free if for every element h £ 1
in H, there exists a free group ¥y and a homomorphism @: H — ¥y so that @) £1. H is called
w-residually free if for any integer m and every set of m elements hy, ..., h, £1 in H, there exist an
integer k and a homomorphsim @ : H — F; so that Q(hy), ..., @h,) 1.

Theorem 4.6. — A fg group R s a limit group if and only if it is w-residually free.

Proof. — The theorem is obvious for f.g. free abelian groups, so we may assume
the f.g. group R is not abelian.

Suppose R is a limit group. By definition there exists a f.g. group G, an integer &
and a sequence of homomorphisms %, : G — Fj, so that the limit of the actions of
G on the Cayley graph of F; via the homomorphisms #, is a faithful action of R on
some real tree Y.

By corollary 4.4 R is fp. so by lemma 1.3 for all but finitely indices n, the
homomorphisms £, split through the limit group R, i.e., #, =y, 0 p where p: G — R
is the canonical projection map, and the {,’s are homomorphisms §, : R — F;. By
lemma 1.3, if 7£1 in R, then for all but finitely many »’s @,(r) £ 1. Hence, for every
integer m and every set of m elements 7,...,7,, £1 in R, for all but finitely many
indices n, W,(r1), ..., W,(r,) £ 1, so R is wrresidually free.

To prove the other direction, suppose R= < r,...,r, > 1s fig and w-residually
free. Since R is w-residually free there exists a sequence of homomorphisms @, :
R — Fy, so that @, maps the elements in a ball of radius m in the Cayley graph of R
to distinct elements in Fy. By rescaling the metric on Fy, proposition 1.1 implies that
there exists a subsequence of the homomorphisms ¢, which converges to an action of
a limit group L on a real tree Y. In general, the limit group L is a quotient of the f.g
group R, but since the homomorphisms were chosen so that ¢, maps a ball of radius »
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“monomorphically” into Fo, part (i) of lemma 1.3 implies that R is isomorphic to L
and, therefore, R is a limit group. O

Clearly, since f.g. w-residually free groups are limit groups and vice versa, all
the algebraic properties proven for limit groups are valid for w-residually free groups.
In particular, they admit a principal cyclic decomposition (theorem 3.2), a canonical
cyclic JSJ decomposition (theorem 3.9), a (canonical) analysis lattice, they are f.p., every
abelian subgroup of a f.g. w-residually free group is a f.g. free abelian group and its
rank is bounded by the first Betti number of the ambient w-residually free group,
and if a f.g. w-residually free group does not contain a non-cyclic abelian subgroup
it is (Gromov) hyperbolic. Also, since a f.g. w-residually free group is, in particular,
residually finite, it satisfies the Hopf property.

5. The (Canonical) Makanin-Razborov Diagram

The algebraic properties of limit groups proved in the previous sections introduce
tools that initialize the analysis of these groups, but are still short of obtaining any
kind of classification of them. i.e., the cyclic JSJ decomposition and the analysis lattice
associated with a limit group, are helpful in proving properties of limit groups but they
are not enough for getting a necessary and sufficient conditions for a fp. group to
be a limit group (or equivalently an w-residually free group). To get such criteria, we
need to introduce canonical resolutions of limit groups, resolutions which will capture
all the possible homomorphisms from a limit group into a free group and which are
similar in nature to the ones appear in works of Makanin [Ma] and Razborov [Ral],
obtained there under some additional combinatorial hypothesis (bounded periodicity),
and generalized later by Razborov in his dissertation [Ra2], and by Kharlampovich
and Myasnikov in [Kh-My].

On the set of limit groups (w-residually free groups) we define a partial order.
Given two limit groups R;, Ry we say that R; > Ry if Ry is a proper quotient of R;.
Note that since a limit group is Hopf, if Ry is a proper quotient of R; then R; can
not be a quotient of Ry. A first implication of the finite presentability of limit groups
to their partial order is the termination of decreasing sequences.

Proposition 5.1. — Every sequence of decreasing limit groups Ry > Ry > Rs > ..
lerminates.

Proof. — Suppose there is a decreasing sequence which does not terminate. The
limit groups {R,} are all quotients of R, so we may assume their fixed finite set of
generators is the image of a fixed finite set of generators of R,. The limit groups R,
are w-residually free by theorem 4.6, so for each fixed m we can define a sequence of
homomorphisms %, : R,, — F; so that /, maps the n-ball in the Cayley graph of R,, to
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distinct elements in F;. From the sequences {/, } we extract the diagonal sequence of
homomorphisms @, : R, — F, by setting @, =4 op,, where p,, : R; — R,, is the natural
projection. By rescaling the metric on F, proposition 1.1 implies that the actions of R,
on the Cayley graph of F, via the homomorphisms {@,} subconverge into an action
of a limit group R on a real tree Y (see section 1).

R is a quotient of all the groups R,, in the decreasing sequence and it is a limit
group by construction. By corollary 4.4 R is fp. and by part (i1) of lemma 1.3 for
all but finitely many indices m, the (finite) defining relations of R are mapped to the
trivial element by the homomorphisms @,. Since the homomorphisms /%, were chosen
to map the ball of radius m in the Cayley graph of R, into distinct elements, and
since the defining relations of R are mapped to the identity by @,, for all but finitely
many m’s, there exists some index my, so that R, , R, +1, ... are all quotients of the
limit group R. But R is a proper quotient of the R,’s, so we obtain a contradiction
to the Hopf property of the limit group R, and a decreasing sequence must
terminate.  OJ

To get an understanding of the structure of limit groups (w-residually free groups)
we need to find a way to “encode” all possible homomorphisms from a limit group into
free groups. To get such “encoding” we will construct a canonical diagram associated
with a limit group. To construct this canonical diagram we need to introduce shortening
quotients of a limit group. To construct a shortening quotient of a limit group we need
to define its associated modular group.

Definition 5.2. — Let R be a_freely-indecomposable limit group. We define the modular group
Mod(R) to be the subgroup of Aut(R) generated by the following families of automorphisms of R :

(1) Inner automorphisms.

(i1) Dehn twists along edges of the cyclic JSJ decomposition of R.

(i11) Dehn twists along essential s.c.c. in CGMQ. (canonical maximal quadratically hanging)
vertex groups in the cyclic JS] decomposition of R.

(iv) Let A be an abelian vertex group in the cyclic JSJ decomposition of R, and let A, <A
be the subgroup generated by all the edge groups connecting A to the other vertex groups in
the cyclic JSJ decomposition of R. Every automorphism of A that fixes A, (elementwise)
can be naturally extended to an automorphism of the ambient limit group R. We call these
generalized Dehn twists and they form the fourth family of automorphisms that generate
Mod (R).

At this stage we are ready to modify the shortening argument, presented in ([Be],
7.4) and 1in section in order to obtain the shorlening quotients of a freely-indecomposable
limit group R. Let {%,|%, : R — F;} be a sequence of homomorphisms from R into
a free group F. Let 7,...,7, € R be a generating set of R, and let V,...,V, be the
vertex groups in the cyclic JSJ decomposition of R.
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Let X be the Cayley graph of the free group F; with respect to a (fixed) finite
set of generators, and let dx be the standard simplicial metric on X. For each element
S € F, each positive integer n, and each automorphism ¢ € Mod(R) we define the
following (stretching) constant:

W(n, f, §)= max (dx (id., fh(@(n)) "), oo d (id., f (1) Y1)

For each n we choose f, € I, and ¢, € Mod(R) for which y(n, f,, ¢,) is minimal in the
set {M(n, f; &)}. We set disp, =W(n, f,, §,).

The limit group R admits a natural action on the Cayley graph X of F; which
we denote p, : R X X — X, by setting p,(r, x) =T, o £, o ¢,(r)(x) for every r € R and
x € X, where T, is the inner automorphism of F; defined by /,. Since X is a simplicial
tree, for the n-th action p, we may rescale the metric on the Cayley graph X by
disp,, and apply proposition 1.1 ([Pa], 2.3) for the sequence of actions {p,} to obtain
a subsequence (still denoted {p,}) converging into a (pointed) real tree (T, &) equipped
with a non-trivial isometric action of R. We set K S, to be the kernel of the action of
R on the real tree T, and the limit group S, to be the quotient S, =R/KS_ . We
say that the limit group S, associated with the canonical quotient map n: R — S
is a shortening quotient of the limit group R. Note that the construction of a shortening
quotient of R does depend on the sequence of homomorphisms %, : R — F; and the
specific generating set 7y, ...,7, € R pre-chosen for R.

We say that two shortening quotients S;, Sy of the limit group R are equivalent,
if there exists an isomorphism T : S; — Sy, and the canonical map n, : R — Sy
can be expressed as No=Ton; od where ¢ € Mod(R) and n; : R — S, is the
canonical map associated with the (maximal) shortening quotient S,. The notion of
equivalent shortening quotients is clearly an equivalence relation on the set of couples
of shortening quotients and their associated canonical maps: {(S;, n;: R — S,)} of the
limit group R.

Since all the homomorphisms 4, map the limit group R into a free group Fj,
a shortening quotient of a limit group R is indeed a quotient of R. In fact, it is a
proper quotient of it.

Claim 5.3. — Let R be a freely-indecomposable limit group. Then every shortening quotient
of R is a proper quotient of R.

Progf. — Let R be a freely-indecomposable limit group, let {4, : R — F;} be
a sequence of homomorphisms, suppose the sequence of actions of R on the Cayley
graph of F, via the homomorphisms {%,} converge into an action of a shortening
quotient S of R on some real tree Ys, and suppose each of the homomorphisms #,
is the “shortest” possible under compositions with modular automorphisms of R and
inner automorphisms of Fj.
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Now, assume that the shortening quotient S is isomorphic to R, so the canonical
map N : R — S i3 an isomorphism. Let Mz be the abelian JSJ decomposition of R
(see theorem 2.7). By theorem 3.2 R obtains a principal cyclic splitting, so some of the
edge groups in [ are cyclic.

To obtain a contradiction to the isomorphism between R and its shortening
quotient S, suppose first that all the edge groups in the abelian JS] decomposition of
R are cyclic. By theorem 1.5, the shortening quotient S inherits an abelian splitting
from its action on the limit tree Ys. Since R is assumed isomorphic to its shortening
quotient S, R inherits an abelian splitting from its action on Y.

The limit action of S on Yg was obtained from a sequence of homomorphisms
{h, : R — F;} that were assume the “shortest” possible under compositions with
modular automorphisms of R and inner automorphisms of F,. Therefore, the real
tree Ys can not contain an IET component, since otherwise, for large enough n, it
was possible to “shorten” the homomorphism /%, by pre-composing with a modular
automorphism of R by the canonical properties of the abelian JSJ decomposition of R
(theorem 2.7) and the shortening argument given in ([Ri-Sel], 5.1), which contradicts
our assumptions on the homomorphisms {%,}. By a similar argument Ys does not
contain an axial component. Hence, the action of R on Yy is discrete. But again,
when the action of R on Yy is discrete, for large enough #, it is possible to “shorten”
the homomorphisms £, by precomposing with a modular automorphism of R by the
canonical properties of the abelian JS] decomposition of R (theorem 2.7) and the
shortening argument given in ([Se3], 2.5), a contradiction to our assumptions on the
homomorphisms {%,}. Hence, the abelian JSJ decomposition of R, g, must contain
some abelian, non-cyclic, edge groups.

Let E,...,E; be the abelian non-cyclic edge groups in Iy, let Ay, ..., A, be the
subgraphs of 'z which are the connected components of the graph obtained from g
by deleting the edges stabilized by E,, ..., E¢. Since R admits a principal cyclic splitting
by theorem 3.2, the abelian JS] decomposition 'z contains an edge with cyclic edge
group which corresponds to a principal cyclic splitting of R, and this edge must be
contained in one of the connected subgraphs Ay, ...,A;, without loss of generality, A;.

Let R, be the subgroup of R which is the fundamental group of the subgraph
A;. Let {/z,ll : Ry — F;} be the restrictions of the homomorphisms {%, : R — F;} to the
subgroup R;. From the sequence of actions of R; on the Cayley graph of F; via the
homomorphisms {/ } it is possible to extract a subsequence (still denoted {4 }) that
converge into an action of R; on some real tree Y,. By theorem 1.5 R, inherits a
(non-trivial) abelian splitting '} from its action on Y.

Let Ey, ..., E, be the abelian non-cyclic edge groups in 'z which are the stabilizers
of edges connected to Ay, ie., E,...,E, are the edge groups in g which are also
subgroups of R;. If any of the groups E,,...,E, is not elliptic when acting on the
limit tree Y, it is possible to further refine the abelian JSJ decomposition 'y of R,
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which contradicts its canonical properties (theorem 2.7). Hence, the subgroups Ei, ..., E,
can all be conjugated into vertex groups in |, so '} can be extended to an abelian
splitting on the ambient group R, so by the canonical properties of the abelian JSJ
decomposition of R, I'} can be obtained from the connected subgraph A; of the abelian
JSJ decomposition of R, k.

Now, modifying the “shortening argument” in case all edge groups in g
are cyclic, if the real tree R; contains an IET component, for large enough n, it
is possible to “shorten” the homomorphisms h) by pre-composing with a modular
automorphism of R that preserve R; by the canonical properties of the abelian JSJ
decomposition of R (theorem 2.7) and the shortening argument given in ([Ri-Sel],
5.1). By construction a composition of these shortening modular automorphisms with
the ambient homomorphisms {4, : R — F;} make these “shorter”, which contradicts
our assumptions on the homomorphisms {%,}. By a similar argument Y; does not
contain an axial component. Hence, the action of R; on Y, is discrete. But again,
when the action of R; on Y, is discrete, for large enough n, it is possible to “shorten”
the homomorphisms /l,ll by precomposing with a modular automorphism of R by the
canonical properties of the abelian JS] decomposition of R (theorem 2.7) and the
shortening argument given in ([Se3], 2.5). By construction a composition of these
shortening modular automorphisms with the ambient homomorphisms {4, : R — F;}
make these “shorter”, a contradiction to our assumptions on the homomorphisms

{h,}. O

Let SQ(R, r,...,7,) be the set of shortening quotients of R. On the set
SQR, r,....,7,) we define a partial order as follows. For given elements S;, S, €
SQ R, r,...,7,) we say that S; > Sy if Sy is a proper quotient of S; and the canonical
map Ny : R — Sy splits as ng=v on; where n; : R — S, is the canonical map
associated with S; and v : S; — Sy is a homomorphism.

Lemma 5.4. — Let R be a freely-indecomposable limit group. Let S, < Sg < S35 < ...
(where S; € SQ(R, 71, ...,7,)) be a properly increasing sequence of shortening quotients of R. Then
there exists a shorteming quotient S € SQ (R, 1, ...,7,) so that S > S; for every shorlening quotient
S; in the increasing sequence.

Proof. — Let S; < Sy < S3 < ... be an infinite properly increasing sequence
of shortening quotients of the freely-indecomposable limit group R. Since each of
the groups S; is a shortening quotient of R, for each j there exists a sequence of
homomorphisms /l{t : R — F}, so that /l],; can not be shortened by compositions with
both a modular automorphism of R and an inner automorphism of F;, and if » € R
for which n;(») is not the identity element in S; and n;(r) is contained in the ball of
Radius 7 in the Cayley graph of S;, then /z‘{z(r) + 1.
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Now, we look at the diagonal sequence k; : R — F,. By the construction used in
section 1, we may choose a converging subsequence (to simplify notation still denoted
/zj-), so that the sequence of homomorphisms hj— : R — F, converges into an action
of a limit group S on some real tree Y. By our assumptions on the homomorphisms
I’ : R — Fy, the diagonal sequence hj— : R — T} can not be shortened by compositions
with both a modular automorphism of R and an inner automorphism of F;, so the
limit group S is a shortening quotient of R, hence, S € SQ (R, 7y, ..., 7).

The shortening quotient S is in particular a limit group, so by corollary 4.4 it
is fp. By lemma 1.3 there must exist some index j, so that for all indices j > j, the
homomorphisms /lj map the (finite set of) defining relations of S to the trivial element

in F;. Since by the way the homomorphisms /z{l were chosen, hj: maps a ball of radius
J/2 in S; monomorphically into I, all the defining relations of S must be trivial in
S; for large enough j. Therefore, S > S; for large enough ; which clearly implies that
S >, for all indices 7. O

Lemma 5.4 proves the existence of maximal elements with respect to the partial
order on the set of shortening quotients SQ (R, 7y, ...,7,). The next lemma shows that
there are only finitely many equivalence classes of maximal elements in the set of
shortening quotients.

Lemma 5.5. — Let R be a_freely-indecomposable limit group. The set of shortening quotients
of R, SQ(R, 7y, ...,1,), contains only finitely many equivalence classes of maximal elements with
respect to ils partial order.

Proof. — Suppose there are infinitely many non-equivalent maximal shortening
quotients Sy, Sy, Ss, ..., of some freely-indecomposable limit group R. As we did in
the proof of lemma 5.4 since each of the groups S; is a shortening quotient of R, for
each j there exists a sequence of homomorphisms /z{l : R — F}, so that /z{, can not
be shortened by compositions with both a modular automorphism of R and an inner
automorphism of Fj, and if » € R for which n;(r) is not the identity element in S; and
n;(n) is contained in the ball of Radius » in the Cayley graph of S;, then /z{z(r) +1.

From the diagonal sequence hj: : R — F; we can extract a convergent subsequence
(still denote /zi:), so that the sequence of homomorphisms /zf : R — F; converges into
an action of a limit group S on some real tree Y, and by our assumptions on the
homomorphisms 4’ : R — F; the limit group S is a shortening quotient of R, i.e.,
S e SQR, r, ..., 7).

The shortening quotient S is in particular a limit group, so by corollary 4.4 it
is fp. By lemma 1.3 there must exist some index j, so that for all indices j > j, the
homomorphisms /zj] map the (finite set of) defining relations of S to the trivial element

in F;. Since by the way the homomorphisms ;[77'2 were chosen, /zj maps a ball of radius
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J/2 in S; monomorphically into F, all the defining relations of S must be trivial in
S; for some j > j;. Therefore, for every j > either S > S; or S is equivalent to S;.
But all the shortening quotients S; are assumed maximal in SQ (R, 7y, ...,7,), so for all
J>J1 S is equivalent to S;, and that contradicts our assumption on the S;’s being from
different equivalence classes of shortening quotients of R. O

The main significance of maximal shortening quotients is the way they “encode”
and simplify all homomorphisms from a freely-indecomposable limit group into a free

group.

Proposition 5.6. — Let R be a freely-indecomposable limit group. Let 1y, ....,7,, € R be a
generating set of R, let My, ..., My be a collection of representatives of the (finite) set of equivalence
classes of maximal shorteming quotients in SQ (R, ry, ..., 1), and for i=1,..,k let n; : R — M;
be the canonical projection maps.

Let h: R — Fy be a homomorphism. Then there exists some index 1 < ¢ < k (not necessarily
unique!) and a modular automorphism ¢, € Mod(R) so that h o &, splits through the maximal
shortening quotient M, 1.e., ho &, =y, o N; where by, : My — ¥y 15 a homomorphism.

Proof. — Given a homomorphism % : R — F; we can choose a modular
automorphism ¢, € ModR) and an inner automorphism 1, € Inn(k;) so that the
composition Z:Tfo ho ¢, is the shortest possible among all such compositions. The
constant sequence of homomorphisms h,h, .. converges into a free limit group F which
is a subgroup of F;. By our assumption on £, F is a shortening quotient and the map
h:R — F is its associated canonical map. By lemmas 5.4 and 5.5, either there exists
some maximal element M; > F, or one of the M;’s is equivalent to F. In both cases
the homomorphism L:R—F splits through the maximal shortening quotient M; and
the proposition follows. O

The shortening procedure and the lemmas and propositions proved so far in
this section finally allow us to present the main goal of this section, the (canonical)
Makanin-Razborov diagram associated with a limit group (w-residually free group). The
Makanin-Razborov diagram “encodes” all possible homomorphisms from a limit group
into a free group, and as we will later show, some of its properties can be stated as a
criteria for a general f.g. group to be a limit group.

Let R be a limit group and let R=R;*...Ry *F, be a factorization of R, where

each of the R/s is a freely-indecomposable non-cyclic subgroup of R and F, 1is a free

group. Let Ty r,lnl € R be a generating set of R, r?, oy 73,22 be a generating set of Ry,

etc. By lemma 5.4 the sets of shortening quotients of the freely-indecomposable limit
groups Ry, ..., Ry contain maximal elements (with respect to the partial order defined
above) and by lemma 5.5 there are only finitely many equivalence classes of maximal
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shortening quotients of each of the limit groups Ry, ..., Ry. For i=1,...,¢ let Mﬁ, ,M;fl
be a collection of representatives of equivalence classes of maximal shortening quotients
in SQ(R;, 7}, ..., r:,,l_), and let r];- 'R, — M; be the canonical projection maps.

We define the Makanin-Razborov diagram of the limit group R iteratively. We
start by factoring R into its freely-indecomposable factors Rj,...,R; and the free
factor F,. From each of the factors R; we associate £; directed edges, starting at
R; and terminating at the maximal shortening quotient 1\/[]Z To each such directed

edge we associate the canonical projection n;. Note that we do not proceed from the
free factor F,, .

We proceed iteratively. We factor each of the Mj’s into freely-indecomposable
factors and associate with each such factor representatives for its equivalence classes
of maximal shortening quotients. Since each (maximal) shortening quotient of a limit
group is a proper quotient of that limit group by claim 5.3, and each sequence
of properly decreasing sequence of limit groups terminates by proposition 5.1, the
construction of the Makanin-Razborov diagram terminates.

By proposition 5.6 all the homomorphisms from a limit group R into a free
group F; are encoded by the canonical Makanin-Razborov diagram.

Theorem 5.7. — Let R be a limit group. All the homomorphisms h : R — ¥ are given by
compositions of modular automorphisms of the limit groups in the diagram with the canonical maps
Jrom the limit groups into therr maximal shortening quotients and finally with general homomorphisms
(“substitutions™) of the terminal free groups that appear in the diagram wnto the target free group.

By Grushko’s theorem the factorization of a f.g. group into freely-indecomposable
factors is canonical. Once we fix a generating set of the limit group R, the (equivalence
classes of) the maximal shortening quotients constructed along the various levels of the
Makanin-Razborov diagram are canonical as well, hence, the entire Makanin-Razborov
diagram associated with a limit group R and a fixed generated set of R, is canonical.

ik —

.
L
\<
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The (canonical) Makanin-Razborov diagram associated with a limit group
encodes all the homomorphisms from that limit group into free groups. Some specific
subdiagrams of it can be viewed as a criteria for a general f.g. group to be a limit
group (w-residually free group).

Defimation 5.8. — A subdiagram of the Makanin-Razborov diagram mn which for each free
Jactor R; of the limat group R we choose a unique edge connecting R; to one of its maximal shortening
quotients, and proceed iteratively choosing only one maximal shortening quotient at each stage, is called
a Makanin-Razborov resolution.

To present a criteria for a f.g. group to be a limit group we need to show the
existence of special type of Makanin-Razborov resolutions which we call strict Makanin-
Razborov resolutions.

Defintion 5.9. — Let R be a _freely-indecomposable limit group. We say that a shortening
quotient S of R is a strict shortening quotient if:

(i) The subgroups generated by each non-CMQ, non-abelian vertex group together with
centralizers of edge groups connected to it in the graph of groups obtained from the cyclic
JSJ of R by replacing each abelian vertex group by the direct summand containing the
edge groups connected to it, and the cyclic edge groups in the cyclic JSJ decomposition
of R are mapped monomorphically into the shortening quotient S by the canonical map
n:R—S..

(i1) Each CMQ subgroup of R s mapped to a non-abelian subgroup of S by the canonical
map N, and each boundary element of a CMQ)_ subgroup of R is mapped to a non-trivial
element in S by n.

(ii1) Let A be an abelian vertex group in the JSJ decomposition of R, and let Ay < A be the
subgroup generated by all edge groups connected to the vertex stabilized by A. Then A, s
mapped monomorphically into S by the canonical map n.

A Makanmin-Razborov resolution s called strict if all the maximal shortening quotients appear
in 1t are strict shortening quotients.

Finally, the existence of a strict Makanin-Razborov resolution is a criteria for
a fig. group to be a limit group (w-residually free group). We first show that a limit
group admits a strict Makanin-Razborov resolution.

Proposition 5.10. — Let R be a lLimit group. Then the (canonical) Makanin-Razborov
diagram of R contains a strict Makanin-Razborov resolution.

Progf: — Let R be a freely-indecomposable limit group. R is an w-residually free
group, so there exists a sequence of homomorphisms /%, : R — F; so that 4, maps the
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ball of radius 7» in R monomorphically into F; and the sequence of actions of R on
the Cayley graph of F; via the sequence of homomorphisms {%,} converges into a
faithful action of R on some real tree Y.

By composing each of the elements 4, with an appropriate modular automor-
phism ¢, € Mod(R) and an inner automorphism 1, € Inmn(F;) we obtain homomor-

phisms Z,Z :R — F, Zﬂ:Tfﬁ o h, o ¢,, which are the shortest with respect to all such

compositions. From the sequence %, we can extract a subsequence (still denoted #,) that
converge into an action of a shortening quotient S on some real tree T. Letn: R — S
be the canonical map from R onto its shortening quotient S.

If r € R is contained in a non-CMQ), non-abelian vertex group or a in a cyclic
edge group in the cyclic JS]J decomposition of R, then ¢(r) is conjugate to r for all
¢ € Mod(R), hence, for all indices n > n,: &, +1 in F;, so by lemma 1.3 n()+1 in
the shortening quotient S and every non-CMQ), non-abelian vertex group and every
cyclic edge group in the cyclic JS] decomposition of R is mapped monomorphically
into S by the canonical map n.

Similarly, if’ A is an abelian vertex group in the cyclic JSJ decomposition of R and
A; <A 1s the subgroup generated by all edges connected to the vertex stabilized by A in
the cyclic JSJ decomposition, then every modular automorphism ¢ € Mod (R) maps the
subgroup A; into a conjugate, hence, the canonical map n maps A; monomorphically
into the shortening quotient S.

Let V be a CMQ-vertex group in the cyclic JSJ decomposition of R. Since the
homomorphism £, is supposed to map the ball of radius » in R monomorphically
into F;, and since V is non-abelian in R, there must exist some index 7y, so that for
all indices n > ny, h,(V) is a non-abelian subgroup of F,. Since for every modular
automorphism ¢ € Mod(R), ¢(V) is conjugate to V, Z,,(V) is non-abelian subgroup
of I, for all n > ny as well. By lemma 1.3 this implies that n(V) is a non-abelian
subgroup of F;. A modular automorphism of R map the edge groups in the canonical
JSJ decomposition of R into their conjugates, hence, the edge groups in the cyclic JSJ
decomposition of R are mapped to non-trivial subgroups of S by the canonical map n.

So far we have shown that the shortening quotient S is a strict shortening
quotient of R. If S is not a maximal shortening quotient of R, then there must exist
a maximal shortening quotient M of R so that M > S. Clearly, since S is a strict
shortening quotient of R, the maximal shortening quotient M > S must be strict as
well.

Therefore, we have shown that for every freely-indecomposable limit group there
exists a strict maximal shortening quotient. Now, by the way the Makanin-Razborov
diagram of a limit group is constructed together with the existence of a strict maximal
shortening quotient for every freely-indecomposable limit group, it follows that every
Makanin-Razborov diagram contains a strict Makanin-Razborov resolution. O
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Proposition 5.10 shows that a limit group admits a strict Makanin-Razborov
resolution. To state a criteria for a f.g. group to be a limit group we need to define an
analogue of a strict Makanin-Razborov resolution in the general context of f.g. groups.

Definition 5.11. — Let G be a fg group, and let:

Vo Vi Vo v

G = Gy e Gy

Vin—1

Gmfl — Gm = Fu

m—2

be a resolution of G. We say that the gwen resolution of G s a strict MR resolution if the
epimorphisms V; have the following properties.

First, we start with a (possible) free factorization of G, G =G' % ...x G"« F*, where F* is a
free subgroup of G. Each of the factors G7 of G =Gy is mapped by the epimorphism v : G — G
onto the factor Q7 in a free factorization Gy = Q! * ... x Q" of G. We further assume that each
G/ admits a non-trivial cyclic splitting N, with the following properties:

(1) Each cyclic edge group in Ngj 1s a maximal abelian subgroup mn at least one of the vertex
groups it is connected to.

(i1) Vo maps each of the subgroups generated by a non-QH (quadratically hanging), non-
abelian vertex groups and the centralizers of the edges connected to it in the graph of
groups obtained from the given cyclic splitting by replacing each abelian vertex group with
the direct summand containing the edge groups connected to it, and each of the cyclic edge
groups in Ng; monomorphically into Q.

(ili) vo maps each QH vertex group in Ng; into a non-abelian subgroup of Q.

(iv) Every abelian vertex group in Ng; is non-cyclic free abelian, and iof A is an abelian vertex
group i Ngj, and Ay < A s the subgroup generated by all edge groups connected to
the vertex stabilized by A in Nj, then Ay is mapped monomorphically into QI by the
map V.

Finally, we assume that the epimorphisms V; associated with the next levels of the resolution
of G satisfy sumilar conditions to the ones listed for Vo, and the resolution lerminates when the target
groups are free (like in the construction of a Makanin-Razborov resolution of a limit group).

Note that a strict Makanin-Razborov resolution of a limit group R is a strict MR
resolution of R, so by proposition 5.11 a limit group admits a strict MR resolution.
Theorem 5.12 shows that this is also a sufficient condition for a f.g. group to be a
limit group.

Theorem 512. — A fg group G 1s a limit group (W-residually free group) if and only if

i admits a strict MR resolution

Proof: — Let:

Vo Vi Vo Vin—2

G = Gy G, Gy G, 1 —5 G,

|
he>
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be a strict MR-resolution of a f.g group G, and let {Ag} be the cyclic splittings
associated with each of the subgroups G;. We need to show the existence of sequences
of modular automorphsims {§;(n) € Mod (G;)} for i=0,...,m— 1 so that the limit group
corresponding to the sequence of homomorphisms:

{hn :G — Fk ’ }ln =Vu_1 ¢m—l(n) V-2 ¢m—2<n> .. Vg ¢1(7Z> Vo (I)o(?l)

is the group G itself.

If none of the cyclic splittings A, contains a QH vertex groups, we may pick
the automorphisms {¢,(n)} to be an increasing sequence of Dehn twists corresponding
to the edges in the cyclic splittings Ag,. In the presence of QH vertex groups we need
the following technical lemma.

Lemma 5.13. — Let Q be the fundamental group of a (possibly punctured) surface Sq of
Euler charactenistic at most —2. Let Y@ : Q — ¥, be a homomorphism and suppose Q is mapped

into a non-abelian subgroup of ¥y and the image of every boundary component of Q s non-trivial.
Then either:

(1) There exists a separating s.c.c. Y C Sq such that Y is mapped non-trivially into ¥y, and
the image in ¥y of the fundamental groups of each of the connected components obtained
by cutting Sq along Y 15 non-abelian.

(i) There exists a non-separating s.c.c. Y C Sq such that y s mapped non-trivially into ¥y,
and the image of the fundamental group of the connected component obtained by cutting
Sq along Yy is non-abelian.

Progf. — First, assume Sq 1s orientable. If Sg is a closed surface or a surface
with a single puncture then clearly either (i) or (i) holds. If Sg has more than one
boundary component and Sq is not a planar surface, then Sq is the connected sum of
two orientable surfaces S; and Sy, so that S; has only one boundary component and
Sy 1s a planar surface. If the fundamental group of S; is mapped into a non-abelian
subgroup of F, then either (i) or (i) hold as in the case of a surface with at most
one puncture. If the fundamental group of S; is mapped into a cyclic subgroup of Fj,
then the cyclic subgroup corresponding to the boundary of S, is necessarily mapped
into the trivial subgroup in F;. If the fundamental group of S, is mapped into a
non-trivial cyclic subgroup of F, then there must exists a non-separating s.c.c. in S,
that is mapped non-trivially into Fy, so case (ii) holds. If the fundamental group of S,
1s mapped trivially into F;, then there exists a non-boundary-parallel non-separating
s.c.c. in Sq that is mapped non-trivially into F;, and again case (ii) holds.

If Sq is a planar surface, we order its boundary components by, ..., b,. Note that
by our assumptions each boundary component 4; is mapped non-trivially into F;, and
not all the images of the ;s in F; commute. It is not hard to see that there must exist a
couple of consecutive boundary components b4;, b+ so that the images of b; and b4 in
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F; do not commute, and the images of the elements b, ..., b;_1, b;bi11, bito, ..., b, generate
a nonabelian subgroup in F;. Hence, the separating s.c.c. in Sq corresponding to the
element b;b,;; 1s mapped to a non-trivial element in F;, and the fundamental groups of
each of the connected components obtained by cutting S along this separating s.c.c.
are mapped onto non-abelian subgroups of F;.

Now assume Sq is non-orientable. We can view Sq as the connected sum of an
orientable surface O (with boundary) and a Mobius band M. If the fundamental group
of M is mapped non-trivially into Fy, all the boundary components of O are mapped
non-trivially into F;, and the fundamental group of O is mapped onto a non-abelian
subgroup of F, so our arguments above apply for the orientable surface O, and there
exists a s.c.c. Y with the required properties.

If Sg is a closed non-orientable surface, then O is an orientable surface with
only one boundary component, and the fundamental group of O is mapped to a non-
abelian subgroup of F;, hence, there exists a non-separating s.c.c. Y C O so that y is
mapped non-trivially into F; and the fundamental group of the connected component
obtained by cutting S along y is mapped to a non-trivial subgroup of F;.

If Sg has boundary, and the fundamental group of M is mapped to the identity
in Iy, then there exists a non-separating s.c.c. Y C Sq that cuts the Mobius band M,
so that y is mapped non-trivially into F; and the fundamental group of the connected
component obtained by cutting Sg along y is mapped to a non-abelian subgroup
of Fk. O

By recursively applying lemma 5.13, for each surface Sq  corresponding to a
QH-vertex group in the cyclic splitting Ag,, we can find a finite set of s.c.c. on Sq,
so that each connected component of the surface obtained by cutting S along this
family of s.c.c. has Euler characteristic —1, and the fundamental group of each of
these connected components is mapped monomorphically into G;; under the map v,.

If we extend each of the cyclic splittings Ag, by further splitting the QH-vertex
groups along the families of s.c.c. chosen according to lemma 5.13, the argument used
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to prove theorem 5.12 in the absence of QH-subgroups generalizes to a give a proof
in their presence. O

6. An Example: w-Residually Free Towers

In the first 5 sections of this paper we studied the structure of w-residually free
groups, using their JSJ decomposition, the analysis lattice and the Makanin-Razborov
diagram and resolutions. Before applying the results and techniques used in studying
w-residually free groups to study residually free groups and sets of solutions to equations
in a free group which is the goal of this paper, we devote this section to some natural
families of examples of w-residually free groups.

If R, and Ry are wresidually free groups then R, * Ry is clearly an w-residually
free group as well. If R is an w-residually free group, and » € R is an element with
cyclic centralizer and no non-trivial roots in R, then the “double of R along <r >7”,
Dr =R *,> R, admits an obvious strict MR resolution, so by theorem 5.12 it 1s w-
residually free. In particular, since a free and surface groups are w-residually free, every
double of a free or a surface group along a maximal cyclic subgroup is an w-residually
free group. Another more “geometric” family of w-residually free groups, which in
some way 1s the motivation for most of the objects we have associated with a general
w-residually free group, is the family of w-residually free towers. Note that an w-
residually free tower is similar to the notion of a coordinate group of a non-degenerate
quasiquadratic system introduced in [Kh-My].

Defination 6.1. — We say that a fp. group G s an w-residually free tower, if it is possible
lo find a finite set set of generators G= < { '} > and defining relations {¢j} for G, where
1 <l <UG), 1 <j<m and 1 < b <1, s0 that G can be presented using the following
lierarchical structure which we define inductively:

(i) GO is the trivial subgroup of G.
i) With each level £ of the hierarchy we associate a oroup Gt G is the subsroup of G
7y : group group
generated by the elements G* = < {y]l} > where 1 <1< 0 and 1 <j < m i G.

G is the quotient of the fiee group generated by the elements { yjl} Jor 1 <1< ¥ and
1 << my; divided by the normal closure of the set of relations &) where 1 <1< £ and
1 < b < 7;.

i) 7o define the 0-th level, the generators 3%, ....9" are divided into s° disjoint blocks
g _y 1 ,y mp )

9, ...,yfg,yieﬂ,...,yfg, vy J’f@ H,...,yﬁ% where to the p-th block of y; s one of the
1 1 2 L

Jollowing sets of defining relations is associated:

(1) a free block. No relation ts associated to a free block of generators. .
(2) an Abelan block. The relations [yf] , yfz 1=1 for every bf_ﬁ-l <t <Jja < by,
and in addition the relation |7, yf] =1 for every bf_l +1 <)< bﬁ and some
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element 7 € G'=' where T may be the identity element, if 7 is non-trivial it
can not be conjugated into an Abelian block in lower levels, and 7 is not a
proper power of an element in G'~'.

(3) a quadratic block. A single relation which s in one of the following two
Jorms 1s being assoctated with a quadratic block. 1o save notation we denote
the set of generators in the p-th block of yf which 15 a quadratic block by
Dls oo Vogs Ry ooy Zn W0 the first case and by 1, ..., 0, 21, .. 2y 10 the second.
With this notation the relation associated with a quadratic block s either
(orientable):

_ -1 _ -1
[yu))Q] [ng—1,}2g]Z171Z1 ek, =

_ _ _ _ _ . _—1 _
(71,00 o [ Pogm1, 0021112, o ZuTaZ,,

or (non-orientable):

2 2 _ -l .
N .-.)/QgZﬂlZl Xk, =
2 2 1 __ -l
D1 Do LK1k e TRy
where 7, y; and Z; are elements in the group G'~', the subgroups
<{7}, {7} > and < {7}, {Z} > are non-abelian subgroups of G' =", the
element 1; is conjugate to the element 7; in G, and the (punctured) surface
corresponding to one of the above relations has Euler characteristic at most
—2, or it s a punctured torus.

Since the tower G can be described as an iterated sequence of amalgamated
products, its level groups G are naturally embedded in the w-residually free tower G.
From the definition of towers it is clear they admit a strict MR resolution, so by
theorem 5.12 they are w-residually free groups. It is also easy to find their cyclic JSJ
decomposition and their analysis lattice.
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With an wresidually free tower G we can naturally associate a 2-complex
T(G), constructed hierarchically by adding a bouquet of circles for each free block, a
collection of 2-tori for each Abelian block, and a (punctured) surface for each quadratic
block. Clearly, m(T(G))=G.

7. Residually Free Groups

In the previous 6 sections we have studied the algebraic structure of limit groups
which are w-residually free groups. When we get to study the structure of sets of
solutions to equations in a free group in the next section, which we view as the
analogue of algebraic varieties, w-residually free groups are going to serve as the (dual
of the) analogue of irreducible varieties.

As we have already pointed out in the first section sets of solutions to a system
of equations ® in a free group I are equivalent to the set of all homomorphisms from
the naturally associated group G (®) into F, (if the system @ is with coefficients, we
look only at homomorphisms that send the coefficients to the appropriate elements in
Fy). In studying all homomorphisms from G (®) into a free group F), we are not really
recovering the algebraic structure of the group G (®) itself, but rather the algebraic
structure of its residually free quotient.

Definition 7.1. — Let G be a fg group. We denote by KF¥ (G) the wntersection of all the
kernels of homomorphisms from G into a free group. We call RF(G)=G/KF(G) the residually
Sfree quotient of G.

Clearly, a residual free quotient is always a residually free group (see definition
4.5) and the residually free quotient of a residually free group H is the group H itself.
Therefore, to understand the structure of residually free quotients of f.g groups, which
is equivalent to the understanding of sets of solutions to equations in a free group, we
need to study the algebraic structure of residually free groups. In this section we will
use some of the arguments and results obtained in earlier sections on the structure of
w-residually free groups, to recover the structure of residually free groups.

Let RF be a fg freely-indecomposable residually free group. On the set of
ordered couples {(1, R)}, where R is an w-residually free quotient of RF, and T is an
epimorphism T : RF — R, we define an equivalence relation. We say that (R;, 1)) i3
equivalent to (Ry, Ty) if there exists an isomorphism v : R} — Ry so that ty=voT,.

On the same set of ordered couples we also define a partial order. We say that
Ry, 11) > (Rg, 19) if Ry 1s a proper quotient of R, and there exists some epimorphism
A:R;y — Ry so that Ty=AoTy.
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An algebraic variety over an algebraically closed field is a union of irreducible
varieties. The following, which is the main result of this section, is the analogue of this
statement for varieties of solutions over a free group.

Theorem 7.2. — Let RY be a fg residually free group. Then there exists a (canonical)
Sinate collection of w-residually free quotients of RF : Ry, ...,Ry and for each i an epimorphism
T, : RF — R; with the following properties:

(1) For each homomorphism h : R — ¥ there exists some index 1 (not necessarily unique!)
and a homomorphism f: R; — ¥y so that h splits as: h=foT1,.

(i1) If R s an w-residually free quotient of RY, and 1 is an epimorphism T : RF — R,
then there exists some index i and an epimorphism A : R; — R so that T= Ao T,

(ii)) The couples {(R;, 1))} represent distinct equivalence classes, and if i £ then the couple
(R, ;) can not be compared with (R;, 1;) in the partial order defined on these couples.

() If Ri,...,R, and {T,: RF — l/ij} is another collection of w-residually free quotients of
RY and epimorphisms from RY to the R.s that satisfy properties (1)-(u1) then u=~0 and
up to permutation the couple (R;, 1;) s equivalent to the couple (lA{Z-, T).

Progf. — The collection of ordered couples {(R, 1)} where R is an w-residually
free quotient of RF and 1: RF — R is an epimorphism, has similar properties to the
partial order defined on shortening quotients of an w-residually free group in section 5.

Lemma 7.3. — Let RY be a fg. residually free group. Let (R, 11), (Ro, To), (Rs, T3), ..., be
a sequence of w-residually free quotients of RY and suppose (R, 1)) < (Ro, To) < (R, 135) < ...
is an wnfinite properly increasing sequence.

Then there exists an w-residually free quotient R of RF and an epimorphism 1 : RF — R
so that (R, 1) > (R;, 1)) for every w-residually free quotient (R;, ;) in the increasing sequence.

Proof. — ldentical with the proof of lemma 5.4. O

Lemma 7.3 proves the existence of maximal elements with respect to the partial
order on the set of w-residually free quotients of the residually free group R. The next
lemma shows that there are only finitely many equivalence classes of maximal elements
in the set of w-residually free quotients of RF.

Lemma 7.4. — Let RY be a fg residually free group. The set of ordered couples {(R, 1)},
where R is an w-residually free quotient of RY and 1: RF — R s an epimorphism, contains only
Sfinately many equivalence classes of maximal elements with respect to its partial order.

Proof. — Identical with the proof of lemma 5.5. O
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Now, if (R, 1y), ..., (R, T;) are representatives for the distinct equivalence classes
of maximal w-residually free quotients of the residually free group RF, then
Ry, 11), ..., (R, 14) satisty the conclusion of theorem 7.2.

We will call the groups Ry, ...,R; together with the epimorphisms T; : RF — R;
that appear in the formulation of theorem 7.2, the (canonical) (maximal) w-residually
free groups associated with the f.g. residually free group RF. By theorem 7.2 these are
canonically defined up to equivalence.

In section 5 we have associated a Makanin-Razborov diagram with each
wresidually free group. This diagram was canonically defined and encodes all
homomorphisms from an w-residually free group into free groups. Theorem 7.2 allows
us to generalize the construction of the Makanin-Razborov diagram to residually free
groups.

Let RF be a f.g. residually free group. We start with one vertex labeled RF and
continue the diagram by adding an edge from this vertex to each of its associated
maximal w-residually free quotients, and from each of the maximal w-residually free
quotients we continue by adding its Makanin-Razborov diagram. By theorem 7.2
and the properties of the Makanin-Razborov diagram of w-residually free groups (see
theorem 5.7), each homomorphism from the residually free group RF into some free
group F; can be “read” from the Makanin-Razborov diagram of RF.

In theorem 5.12 we have shown that a f.g. group is w-residually free if and
only if it admits a strict MR resolution. Theorem 7.2 allows us to get corresponding
classification of residually free groups. Note that a similar result is obtained in [Kh-My]
(corollary 2).

Clam 7.5. — A fg group G s a residually free group if and only if G is a sub-direct
product of a finite collection of w-residually free groups.

Proof. — Clearly, a sub-direct product of a finite collection of residually free
groups 1s residually free, so one direction is obvious. The other direction of the claim
follows from theorem 7.2, since a residually free group is a sub-direct product of its
associated maximal w-residually free quotients. O

Remarks.

(1) Corollary 4.4 shows that w-residually free groups are fp. However f.g
residually free groups need not be fp. If F, is a free group then F, + F,
is residually free, so every subgroup of F, + F, is residually free, and F, + F,
contains f.g. subgroups which are not f.p.

(if) There 1s no global bound for the length of a sequence of proper residually
free quotients of a residually free group.
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8. Sets of Solutions to Equations in a Free Group

In the first section we have pointed out that the sets of solutions to a system
of equations ® in a free group is equivalent to the sets of homomorphisms from a
corresponding f.p. group G (®) to a free group.

If the system of equations is without coefficients, then the sets of homomorphisms
from G (®) into a free group can be “read” from the Makanin-Razborov diagram
corresponding to G (®) as was shown in the previous section. If the system @ is with
coeflicient one needs to modify the whole theory developed in the previous sections
to the presence of prescribed coeflicients. The rest of this section is devoted to this

modification.

Let @ be a finite system of equations defined over a free group F,= <ay,...,q >.
Recall that with ® it is natural to associate a f.p. group G (®). If the system @ is defined
by the coefficients ay, ..., 4, the unknowns x4, ..., x, and the equations:

WALy weey Ay X1y ooy Xy) = 1
Wi @1y ey Ay X1y ey %) =1

we set the associated f.p. group G (®) to be:
G(®D) = < Ayeeey Gy X1y oy Xy | W1 ey 05 >

Clearly, every solution of the system ® corresponds to a homomorphism /4 : G () — F;
for which #(a;)=a;, and every such homomorphism corresponds to a solution of the
system @. Therefore, the study of sets of solutions to systems of equations in a free
group is equivalent to the study of all homomorphisms from a fixed f.p. group G into
a free group F, for which a given prescribed set of elements in G is mapped to a fixed
basis of the free group F.

For the rest of this section, we set G to be a fig group G= < g,...,g, >,
Yis s Y& € G to be a prescribed set of elements in G, and F; to be a free group with a
fixed basis F,= < ay,...,qt >. With these notation our main goal is to get a structure
theory for understanding the set of all homomorphisms:

Hom((G, {y:}), Fr, {a})) = {h|h:G — Fy, hy)=a;}

which for brevity we will denote Hom (G, F;). We set X to be the Cayley graph of F;
with respect to its given basis aj, ..., @;. Given any homomorphism /% € Hom (G, F;), G
admits a natural action A, on X given by Aj(g, x)=/h(g)(x) for every g€ G and x € X.

Let {#} C Hom(G,F;) be a set of distinct homomorphisms from G to F,
satisfying the prescribed conditions. We set | to be: Wy=max,_,_, dx (id., hj(g,)) (note
that unlike what we did in section 1, here, due to the presence of coefficients, we
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do not compose with an inner automorphism of F;). Since the homomorphisms in
the sequence {&} C Hom(G,F)) are distinct, the sequence of stretching factors {u;}
does not contain a bounded subsequence. We set {(X;, ’9')};0:1 to be the pointed metric
spaces obtained by rescaling the metric on the Cayley graph of ¥y, (X, id.), by Y. (X, x))
is endowed with a left isometric action of our f.g. group G via the homomorphisms
{i;}. This sequence of actions of G on the metric spaces {(X], xj)};o:l allows us to
obtain an action of G on a real tree (Y, y) by passing to a Gromov-Hausdorft limit
of a convergent subsequence (proposition 1.1).

With the limit tree we obtained by using the Gromov-Hausdorfl topology we
associate natural algebraic objects, the kernel of the action of G on this (limit) real
tree and the quotient of G by this kernel which we call the restricted lLimit group. We
will denote the restricted limit group by RL., and the canonical quotient map by
n:G — RL.. Note that since a restricted limit group is a limit group in the sense of
section 1, all the algebraic properties of limit groups hold for restricted limit groups.
Still, for the purpose of understanding the set of all restricted homomorphisms from
G to the (fixed) free group F;, we will need to modify some of the algebraic objects
associated in the previous sections with limit groups, to study restricted limit groups.

The abelian JS] decomposition of a freely-indecomposable limit group “encodes”
all the possible splittings of such limit group with abelian edge groups. In studying
restricted limit groups we will be interested only abelian splittings in which the subgroup
< Ny, ...,N(yx) > 1is elliptic. The construction of the abelian JS] decomposition of
a limit group described in section 2, naturally generalizes to a restricted abelian JSJ
decomposition of a restricted limit group.

Theorem 8.1 (cf. theorem 2.7). — Suppose Rl is a restricted limit group which does
not split to a non-trivial free decomposition in which the subgroup N(M)= < n(y),...,N(Yx) > s
contained in one of the factors. Suppose that \(T') s a proper subgroup of RL.,. Then there exists a
reduced unfolded splitting of RL, with abelian edge groups, which we call an abelian restricted JS]
(Jaco-Shalen-Johannson) decomposition of RL, with the following properties:

(1) n(T) us elliptic in the restricted abelian JSJ decomposition.

(i) Lvery (restricted) canonical maximal QH subgroup (CMQ) of RL., s comjugate to a
vertex group in the JS] decomposition. Every (restricted) QH subgroup of RLo, can be
conjugated into one of the CMQ. subgroups of Rl... Every vertex group wn the JSJ
decomposition which s not @ CMQ subgroup of RL, s elliptic in any abelian splitting
of RLoo under consideration (i.e., in one in which n(I) is elliptic).

(i) A one edge abelian splitting RL,, =D %5 E or RL, =Dx5 i which n(T) s elliptic
which s hyperbolic in another such elementary abelian splitting s obtained from the
restricted abelian JS] decomposition of Rl by cutting a 2-orbifold corresponding to a
CMQ subgroup of RL., along a weakly essential s.c.c.
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(iv) Let © be a one edge sphtting along an abelian subgroup A, RL=D x5 E or
RLo =Ds*p i which nN(T) s elliptic, so that A s elliptic with respect to any other
one edge abelian splitting of RL., n which n(T) us elliptic. Then © s obtained from
the restricted JS] decomposition of RL., by a sequence of collapsings, foldings, and
conjugations.

(v) If JSJ, is another restricted abelian JS] decomposition of R, then JSJ], is obtained
Jrom the restricted abelian JS] decomposition by a sequence of shdings, conjugations and
modifying boundary monomorphisms by comjugations (see section 1 of [Ri-Se2] for these
notions).

From the canonical properties of the abelian JS] decomposition of a limit group
we were able to show in section 3 that a non-abelian, freely indecomposable limit
group admits a principal cyclic splitting. The arguments used in proving theorem 3.2
naturally generalize to prove the existence of a (restricted) principal cyclic splitting of
a restricted limit group.

Theorem 8.2. — Let RL., be a restricted limit group which does not split to a non-trivial
Jree product in which the subgroup n(T) s contained in one of the factors. Suppose that n(I') s a
proper subgroup of Rle.. Then there exists a principal cyclic splitting of RLo, wn which n(T) s
elliptic.

The restricted abelian JSJ decomposition together with the existence of a
restricted principal splitting allow us to generalize the arguments of section 3 to
construct the restricted cyclic JSJ decomposition of a restricted limit group (cf.
theorem 3.9).

Since a restricted limit group is in particular a limit group, it is finitely presented
(in fact, it is also possible to modify the construction of the analysis lattice to the
restricted setup). Like in the case of limit groups, the finite presentability of restricted
limit groups also shows that restricted limit groups are restricted w-residually free
groups. 1.e., that for every finite set of elements in a restricted limit group RL., there
exists a restricted homomorphism % : RL,, — F; that maps the elements in this finite
set to distinct elements in F;.

In section 5 we have used the canonical cyclic JSJ decomposition of a limit
group to construct its canonical Makanin-Razborov diagram. We continue by modifying
the notions and arguments appear in section 5 to construct the restricted Makanin-
Razborov diagram of a restricted limit group.

Definition 8.3. — Let RL, be a restricted limit group which does not split to a non-trivial
Jree product in which the subgroup n(T) s contained in one of the factors. Suppose that n(I') s a
proper subgroup of RL.,. We define the restricted modular group RMod (RLy,) to be the subgroup
of Aut(R) generated by the following families of automorphisms of R :
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(1) Dehn twists along edges of the restricted cyclic JS] decomposition of RL.,. The Dehn
twists are assumed to fix (elementwise) the vertex stabilized by n(I).
(i1) Dehn twists along essential s.c.c. in CMQ  (canonical maximal quadratically hanging)
vertex groups in the restricted cyclic JS] decomposition of RL,. Again, these Dehn twists
are assume to fix (elementwise) the vertex stabilized by n(I).
(i11) Let A be an abelian vertex group in the restricted cyclic JS] decomposition of RL,. Let
Ay < A be the subgroup generated by all edge groups connected to the vertex stabilized
by A n the cyclic JS] decomposition of R. Every automorphism of A that fixes A,
(elementwise) can be naturally extended to an automorphism of the ambient limit group
RL. that fixes the vertex stabilized by n\(I). We call these generalized Dehn twists and
they form the third family of automorphisms that generate RMod (R).

Given a sequence of homomorphisms of a limit group into a free group, we used
the modular group of automorphisms of that limit group to modify the sequence of
homomorphisms and obtain a shortening quotient of the limit group we started with.
Given a restricted limit group, and a sequence of homomorphisms of that restricted
limit group into Fj;, we may use the restricted modular group of automorphisms of
that restricted limit group to modify the sequence of homomorphisms and obtain a
restricted shortening quotient of a restricted limit group. By the same argument used to
prove claim 5.3 a restricted shortening quotient of a restricted limit group is a proper
quotient of it.

On the set of restricted shortening quotients of a restricted limit group we can
naturally define a partial order and an equivalence relation, similar to the ones defined
in section 5 for shortening quotients of limit groups. By the same argument used to
prove lemma 5.4 the set of restricted shortening quotients of a restricted limit group
contains maximal elements with respect to the partial order, and by the same argument
used to prove lemma 5.5 there are only finitely many equivalence classes of maximal
restricted shortening quotients of a restricted limit group. Like in proposition 5.6 and
using an identical argument, for every restricted homomorphism RL., — F; there exists
some index 1 << £ (not necessarily unique!) and a restricted modular automorphism
¢, € RMod(R) so that #o ¢, splits through the maximal restricted shortening quotient
RM;. Le., ho¢,=/hgn, on; where hryg : RM; — Fj is a restricted homomorphism.

These basic facts concerning restricted limit groups and their restricted shortening
quotients allow us to present the main goal of this section, the (canonical) restricted
Makanin-Razborov diagram associated with a restricted limit group (restricted w-residually
free group). The restricted Makanin-Razborov diagram “encodes” all possible restricted
homomorphisms from a limit group into the (fixed) free group I, and like for limit
groups some of its properties can be stated as a criteria for a general f.g. group to be
a restricted limit group.

Let RL., be a restricted limit group (a restricted w-residually free group). By
definition in RL,, there exists a (distinguished) finite set of elements <vy,...,y; > so
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that for any finite set U of elements in RL., there exists a (restricted) homomorphism
h: RLo,, — F; that sends y; to g;, the i-th basis element of F;, and sends the elements
of U to distinct elements of Fy. Let = <y, ...,y >.

Let RLo, =RL; % ... RLy * F, be a factorization of R, where ' <RL;, RL; can
not be written as a free product in which I' is contained in one of the factors, each
of the RL;s for 2 <1< £ is a freely-indecomposable non-cyclic subgroup of RL and
F, is a free group. It follows from Grushko’s theorem that such a free decomposition
of RL, is canonical. By an analogue of lemma 5.4 to the restricted case, the set
of restricted shortening quotients of the restricted limit group RL; contains maximal
elements (with respect to the partial order defined above) and by an analogue of
lemma 5.5 to the restricted case there are only finitely many equivalence classes of
maximal restricted shortening quotients of RL;. Let RM;,...,RM; be a collection of
representatives of equivalence classes of maximal restricted shortening quotients of RL,;,
and let n;: RL; — M; be the canonical projection maps.

We define the restricted Makanin-Razborov diagram of the restricted limit group
RL, iteratively. We start by factoring RL, as above. From each of the factors
RLy,...,RLy we continue by adjoining its Makanin-Razborov diagram presented in
section 5. From RL; we continue along s edges going from RL; to each of its
maximal restricted quotients RMj, ..., R M,. To each such directed edge we associate
the canonical projection n);.

We proceed iteratively. Since a restricted shortening quotient of a restricted limit
group 1s a proper quotient of it, the construction terminates. Each terminal vertex is
either a free group (as in the Makanin-Razborov diagram presented in section 5) or
it 1s the (image of the) “distinguished” free group '= <y,...,y; >. At least one of
the terminal vertices in a restricted Makanin-Razborov diagram must be labeled with
an image of the “distinguished” subgroup I'. By construction, up to the equivalence
relation of restricted shortening quotients, the restricted Makanin-Razborov diagram of
a restricted limit group is canonical. By an analogue of theorem 5.7 to the restricted
case, all the restricted homomorphisms from a restricted limit group RL. into the
free group F; are encoded by the canonical restricted Makanin-Razborov diagram.
Le., they are all given by compositions of (restricted) modular automorphisms of the
(restricted) limit groups in the diagram with the canonical maps from the (restricted)
limit groups into their maximal (restricted) shortening quotients and finally with either
the fixed map from (an image of) the distinguished subgroup I' onto Fj, or general
homomorphisms (“substitutions”) of the terminal (non-distinguished) free groups appear
in the diagram into the target free group Fj.

The (canonical) restricted Makanin-Razborov diagram associated with a restricted
limit group encodes all the restricted homomorphisms from that restricted limit group
into a free group F,. Like in the non-restricted case (definitions 5.8 and 5.9) using
the restricted Makanin-Razborov diagram we can define restricted Makanin-Razborov
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resolutions and restricted strict Makanin-Razborov resolutions of a restricted limit
group. Like in the non-restricted case (theorem 5.12) the existence of a restricted
strict MR resolution for a f.g. group G with a distinguished subgroup I'= <vy,,...,y; >
is a criteria for G to be a restricted limit group (restricted w-residually free group). The
proofs are all direct modifications of the ones given in section 5 in the non-restricted
case.

Like restricted limit groups (restricted w-residually free groups) we may define in a
similar way restricted residually free groups. The study of sets of solutions to equations
with coeflicients is naturally equivalent to study of all restricted homomorphisms from
a f.g. restricted residually free group into the free group generated by the coeflicients.
For studying this collection of restricted homomorphisms we have an analogue of
theorem 7.2. The proof is a direct modification.

Theorem 8.4. — Let RY be a fg restricted residually free group. Then there exists a
(canonical) finite collection of restricted w-residually free quotients of RY : Ry, ..., Ry and for each 1
an epimorphism T; : RF — R; with the following properties:

(1) For each restricted homomorphism h : R — ¥ there exists some index i (not necessarily
umique!) and a restricted homomorphism f: R, — ¥y so that h splts as: h=fo1,.

(1)) If R s a restricted w-residually free quotient of RF, and 1 is an eprmorphism
T: RF — R, then there exists some index 1 and an eprmorphism A : R; — R so
that T= Ao T,

(i) The couples {(R;, 1))} represent distinct equivalence classes, and if i £ then the couple
(R;, 1)) can not be compared with (R;, 1;) in the partial order defined on these couples.

) If IA{I, ,ﬁu and {T; : RF — ﬁ]} i another collection of restricted w-residually free
quotients of RY and epimorphisms from RY to the R;’ that satisfy properties (1)-(111)
then u="0 and up to permutation the couple (R;, 1) is equivalent to the couple (R;, T,).

We have already modified the construction of the Makanin-Razborov diagram of
a w-residually free group to the restricted case. Having such diagram for restricted w-
residually free group, theorem 8.4 allows us to modify the construction of the Makanin-
Razborov diagram associated with a residually free group presented in section 7 to the
restricted case. This restricted Makanin-Razborov diagram of restricted residually free
groups finally concludes our study of the structure of sets of solutions to systems of
equations with coefficients.
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9. Graded Limit Groups

In the previous sections we have analyzed the structure of sets of solutions to
systems of equations in a free group by studying the algebraic structure of limit groups
which turned out to be w-residually free groups. To understand the elementary theory
of free groups and, in particular, to study the structure of sets defined by elementary
predicates (elementary sets), we will need to study the structure of sets of solutions
to systems of equations with parameters, i.e., we will examine how the (restricted)
Makanin-Razborov diagrams and resolutions vary with a change of the values of the
defining parameters.

With a finite system of equations with parameters @ over a free group
F,= < ay,..,q > it i1s natural to associate a fip. group G (®). If the system @ is
defined by the coeflicients ay, ..., q;, the parameters pi,...,p,, the unknowns x,...,x,
and the equations:

WALy ooy Gy Ply ooes Pus X1y vey Xy) = 1

Wi @1y ey Ay PLy ooy Pus Xy ooy %) =1
we set the associated f.p. group G (®) to be:
G (D) = < Qyeeey Ay Pl oy Py Xy oy X | W15 ey 05 >

Clearly, every solution of the system @® corresponds to a homomorphism 4 : G () — F;
for which A(a;)=a;, and every such homomorphism corresponds to a solution of the
system ®. Therefore, the study of sets of solutions to systems of equations in a free
group 1is equivalent to the study of all homomorphisms from a fixed fp. group G into
a free group I, for which a given prescribed set of elements in G is mapped to a fixed
basis of the free group F.

In the previous sections we studied the global set of (restricted) homomorphisms
from a f.,g group G into a free group F}, and later showed the existence of effective
tools which enabled us to study the structure of this global set. In studying parametric
systems of equations we will analyze the variation of this structure with a change of the
defining parameters. Our whole study of the global set of restricted homomorphisms
was based on understanding the algebraic structure of limit groups (w-residually free
groups). To analyze the variation in this structure with a change of the parameters
we will need to look at a special class of limit groups which we call graded limit groups.
Our study of graded limit groups is based on the tools we developed for studying
(restricted) limit groups. However, as we will see in the sequel, not all the results we
have obtained for (restricted) limit groups have analogues for graded limit groups, and
the treatment of the new phenomenas that appear in studying graded limit groups
require new notions and techniques.
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We set G = < Xy, .o, Xky Py ooy Pus Q15 -5 @ > to be a fig. group. For brevity we will
denote this (fixed) generating set by G= <gi,...,g, >, and I, to be a free group with
a fixed basis F,= <aqy,...,q >. With this notation our goal is to get a structure theory
for understanding the set of all homomorphisms:

Hom((G, {p;}, {ai}), Bk, {a:})) = {h[h: G — Fy, ha)=a;}

with a change in the values of the parameters { p;}. We set X to be the Cayley graph
of F; with respect to its given basis aj, ..., . Given any homomorphism % € Hom (G, F)),
G admits a natural action A, on X given by A,(g, x)=A(g)) for every ¢ € G and
x € X.

Definition 9.1. — Let G be a fg group and let h, : G(x, p, a) — ¥y be a sequence of
homomorphisms. If { N, '}, a sequence of actions of G on X, the Cayley graph of ¥y, that corresponds
lo the sequence of homomorphisms {h,}, converges in the Gromov-Haussdor[] topology, we say that
the sequence {h,} converges. We call the obtained limit group, a graded limit group.

A graded limit group is in particular a limit group, so every f.g. graded limit
group is f.p. and every f.g. graded limit group is w-residually free by theorem 4.6. To
construct the (canonical) graded Makanin-Razborov diagram of a graded limit group
which is the fundamental tool in our analysis of the variation of sets of solutions to
systems of equations with parameters, we need to study the algebraic structure of
graded limit groups “relative” to their grading To do that we need to construct the
graded abelian JSJ decomposition of a graded limit group, and the graded analysis
lattice of a graded limit group. These constructions are all generalizations of their
restricted analogues presented in section 8.

For the rest of this section let G (x, p, a) be a f.g. group, let {#, : G(x, p, @) —
F,} be a convergent graded sequence of homomorphisms, and let Ghm(x, p, a)
be the corresponding graded limit group. We set n : G(x, p,a) — Glm(x, p, a)
to be the canonical epimorphism and AP < Glm(x, p,a) to be the subgroup:
AP= < n(p),....Nn(ps), N(@),...,n(@) >. The abelian JSJ decomposition of a freely-
indecomposable limit group “encodes” all the possible splittings of such limit group
with abelian edge groups. In studying graded limit groups we will be interested only in
abelian splittings in which the subgroup AP is elliptic. The construction of the abelian
JSJ decomposition of a limit group described in section 2 naturally generalizes to a
graded abelian JS] decomposition of a graded limit group.

Theorem 9.2 (cf. 8.1). — Suppose Glim (x, p, a) is a graded limit group which does not split
to a non-trivial free decomposition in which the subgroup AP is contained in one of the factors. Then
there exists a (relatively) reduced unfolded (perhaps trivial) splitting of Glim (x, p, a) with abelian edge
groups, which we call a graded abelian JS] (faco-Shalen-Jfohannson) decomposition of Glim (x, p, a)
with the following properties:
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(1) AP s elliptic in the graded abehan JSJ decomposition.

(1) Every (graded) canonical maximal QH subgroup (CMQ) of Glim (x, p, a) is conjugate
lo a vertex group wn the graded ]SJ decomposition. Every (graded) QM subgroup of
Glim (x, p, a) can be comjugated into one of the CMQ subgroups of Glim(x, p, a).
Every vertex group in the graded JSJ decomposition which is not a CMQ. subgroup of
Glim (x, p, a) s elliptic in any abelian spltting of Glim (x, p, a) under consideration (i.e.,
in one i which AP s elliptic).

(1) A one edge (graded) abelian splitting Glim (x, p, a)=D x5 E or Glim (x, p, a) =D*,
i which AP s elliptic which s hyperbolic in another such elementary abelian splitting
is obtained from the graded abelian JS] decomposition of Glim(x, p, a) by cutting a
2-orbifold corresponding to a (graded) CMQ) subgroup of Glim (x, p, a) along a weakly
essential s.c.c.

(iv) Let © be a one edge (graded) splitting along an abelian subgroup Glim (x, p, a)=D x5, E
or Glim(x, p, a)=Dxx n which AP s elliptic, which is elliptic with respect to any other
one edge (graded) abelian splitting of Glim (x, p, a) n which AP s elliptic. Then © s
obtained from the graded JS] decomposition of Glim(x, p, a) by a sequence of collapsings,
Joldings and conjugations.

(v) If JSJ, is another graded abelian JSJ decomposition of Ghm(x, p, a), then JSJ, is
obtained from the graded abelian JSJ decomposition by a sequence of slidings, comjugations
and modifying boundary monomorphisms by conjugations (see section 1 of [Ri-Se2] for
these notions).

10. Graded Makanin-Razborov Resolutions and Diagram

In section 5 we have used the canonical cyclic JSJ decomposition of a limit group
to construct its canonical Makanin-Razborov diagram. In section 8 we modified this
construction to obtain the restricted Makanin-Razborov diagram for analyzing sets of
solutions to equations with coefficients. To understand the variation of the restricted
Makanin-Razborov diagram with a change of the defining parameters we need to
further modify the construction of the Makanin-Razborov diagram to obtain the graded
Makanin-Razborov diagram of a graded limit group. As we have already indicated, some of
the results that were essential in the construction of the (ungraded) Makanin-Razborov
diagram do not hold when graded limit groups and their graded decompositions are
concerned. Hence, to construct the graded Makanin-Razborov diagram of a graded
limit group, some new types of graded limit groups that do not have analogues in
the ungraded case are presented, and the structure of the graded diagram as a whole
requires far more delicate analysis than in the ungraded case. This analysis is presented
in the rest of this paper and in the third paper of this sequence.

Definition 10.1. — Let Glim (x, p, a) be a graded limit group which does not split to a non-
trivial free product in which the subgroup AP= < py, ..., p., a1, ..., a; > s contained in one of the
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Jactors. Suppose that the principal graded abelian JS] decomposition of Glim (x, p, a) s non-trivial.
We define the graded modular group GMod (Glim (x, p, a)) to be the subgroup of Aut(Glim (x, p, a))
generated by the following families of automorphisms of Glhm (x, p, a):

(1) Dehn twists along edges of the principal graded abelian JS] decomposition of Glim (x, p, a).
The Dehn twists are assumed to fix (elementwise) the vertex stabilized by AP.

(i1) Dehn twists along essential s.c.c. in (graded) CMQ (canonical maximal quadratically
hanging) verlex groups in the principal graded abelian JSJ decomposition of Glim (x, p, a).
Again, these Dehn twists are assume to fix (elementwise) the verlex stabilized by AP.

(1) Let A be an abelian vertex group in the principal graded abelian JS] decomposition of
Glim (x, p, a). Let Ay <A be the subgroup generated by all edge groups connected to the
vertex stabilized by A in the principal graded abelian JS] decomposition of Glim (x, p, a).
Every automorphism of A that fixes A, (elementwise) can be naturally extended to an
automorphism of the ambient limit group Glim(x, p, a) that fixes the vertex stabilized by
AP. We call these generalized Dehn twists and they form the third family of automorphisms
that generate GMod (Glim (x, p, a)).

We say that a homomorphism h : Glim (x, p, a) — ¥ s mn the graded modular class of the
homomorphism I« Glim (x, p,a) = Fp of h=hod, where ¢ is a graded modular automorphism of
Glim (x, p, a), e, & € GMod(Glim(x, p, a)). Clearly, a graded modular class is an equivalence
class of homomorphisms from the graded modular group Glim(x, p, a) to the free group I;.

Let Glm(x, p, a) be a graded limit group that admits a non-trivial graded
abelian JS] decomposition. Once we fix a generating set for the graded limit group
Glim (x, p, a), given a homomorphism % : Glim (x, p, a) — F; we can choose the shortest
homomorphisms in the graded modular class of 4. A graded limit group obtained from
a convergent sequence of homomorphisms % : Glim (x, p, @) — F; which are the shortest
in their graded modular class, is called a graded shortening quotient of the graded limit
group Glim(x, p, a).

On the set of graded shortening quotients of a graded limit group we can
naturally define a partial order and an equivalence relation, similar to the ones defined
in section 5 for shortening quotients of limit groups. By the same argument used to
prove lemma 5.4 the set of graded shortening quotients of a graded limit group contains
maximal elements with respect to the partial order, and by the same argument used to
prove lemma 5.5 there are only finitely many equivalence classes of maximal graded
shortening quotients of a graded limit group.

So far we have modified the construction of maximal shortening quotients
presented in section 5 to the graded setup. However, since in general the graded
modular group of a graded limit group does not contain the (ungraded) modular
group of the graded limit group (as a limit group), graded shortening quotients of a
graded limit group need not be proper quotients of it. Furthermore, to get graded
shortening quotients we naturally require that the graded abelian JSJ decomposition is
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non-trivial. However, in general the graded abelian JSJ decomposition of a graded limit
group may be trivial. To view some of these phenomenas we present the following two
examples:

(1) Let G (x, p) be a graded limit group that is isomorphic to a non-abelian free
group, and suppose that the graded abelian JSJ decomposition of G (x, p)
is: G(x, p)=P x¢ B, where C is cyclic and P is the parameter subgroup.
Since G (x, p) 1s isomorphic to a free group, there is clearly an embedding:
h: G(x, p) — F;, for which the image of the generator of the cyclic group
C has no non-trivial roots in F;. In this case for every graded modular
automorphism ¢ € GMod (G (x, p)), ho ¢ is an embedding of G (x, p) into F,.
Hence, G (x, p) has a shortening quotient that is isomorphic to it.

(2) Let G(x, p) be a surface group, and suppose that G (x, p)=P *¢ B, where
C 1s cyclic and P is the parameter subgroup. Then it is possible to find a
sequence of homomorphisms 7%, : G (x, p) — F, for which the corresponding
sequence of graded shortest homomorphisms /4,0 ¢, converge to a group that
is isomorphic to G (x, p).

As we have already indicated, unlike (ungraded) limit groups, to understand the
variation of the set of restricted homomorphisms from a graded limit group to F; with
a change of the defining parameters, we will need to study the structure of graded
limit groups with a trivial principal graded abelian JS] decomposition.

Definition 10.2. — Let Glim (x, p, a) be a graded lLimit group that does not split into a
Jree product i which AP can be comjugated into one of the factors. If Glim(x, p, a) has a trivial
graded abelian JSJ decomposition it s called ngid graded lmat group. If Glim(x, p, a) has a
non-trivial graded abelian ]S decomposition, and a (unique) maximal graded shortening quotient

GMSQ (x, p, @) that s somorphic to Glim(x, p, a), Glim(x, p, a) s called solhid graded lLimit
group.

To study rgid and solid graded limit groups we need to introduce the notion of
Sexible graded Limit groups.

Definition 10.3. — Let Glim (x, p, a) be either a ngid or a solid graded limit group. A
sequence of homomorphisms {h,, : Glim(x, p, @) — ¥;} is called flexible graded sequence if one of
the following holds:

1) Each homomorphism h, factors as h, =V, 071, where T, : Glim(x, p, a) — Fx <v >,
T, s an epimorphism that maps the subgroup AP onto the factor ¥y, and v, :
Fpx <v >— F; restricts to the identity map on Y. Furthermore, 1,, can not be shortened
(in ¥ix <v>) by an element from the graded modular group GMod (Glim (x, p, a)).

(i) Each homomorphism h,, does not factor through a free product in which AP s mapped

into one of the factors, and can not be shortened by an element from the graded modular
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group GMod (Glim (x, p, a)). In addition, for each index m:

max dy (b, (g), id) > 2" - (1 + max dx (h, (p), id.))

geBm lgjgu
where B, s the ball of radius m in the Capley graph of Glim (x, p, a).

A graded limit group which s the limit of a flexible graded sequence is called a flexible graded
quotient of the rigid or solid graded lLimit group Glim (x, p, a).

Lemma 10.4. — Let FixGlim (x, p, a) be a flexible graded quotient of the rigid or solid
graded limit group Glim (x, p, a). Then:

(1) FlxGlim (x, p, a) s not a rgid graded Limit group.
(1) FixGhm (x, p, a) is a proper quotient of Glim (x, p, a).

Proof. — 1If FixGlim (x, p, a) splits into a free product in which AP can be
conjugated into one of the factors, then FixGlm(x, p, a) is not rigid nor solid, and
it can not be isomorphic to Glm(x, p, a). Hence, we may assume that FixGlim (x, p, a)
does not split into a free product in which AP can be conjugated into one of the
factors.

By the way a flexible graded sequence of homomorphisms of FixGlim (x, p, a) i3
defined, it has a subsequence that converges into a stable action of FixGlim (x, p, a) on
a real tree Y (see section 1), so that the subgroup AP fixes a point in Y.

By (([Se3], 3.1), see theorem 1.5) FixGlm (x, p, a) admits a (non-trivial) graph of
groups A from its action on the real tree Y. By that same theorem if the action of
FixGlim (x, p, a) on Y contains an IET component, then FixGlim (x, p, a) admits a graded
abelian splitting. If the action contains an axial component, FixGlim (x, p, a) inherits a
graded abelian splitting and if the stabilizer of some (non-degenerate) segment in Y
i1s non-trivial, it is maximal abelian by lemma 1.3, so FixGlm (x, p, a) splits over a
maximal abelian subgroup, hence, FlxGlim (x, p, a) admits a graded abelian splitting.

Therefore, in all cases FlxGhm(x, p, a) admits a (non-trivial) graded abelian
splitting, so the graded abelian JSJ decomposition of FlxGlim(x, p, a) is non-trivial,
and we get part (i) of the lemma.

If Glim (x, p, a) is rigid it has a trivial graded abelian JS] decomposition. Hence,
by part (1) FixGlm(x, p, a) is a proper quotient of it. If Glm(x, p, a) is solid and
FixGlim (x, p, a) 1s isomorphic to Ghm(x, p, a), then for large enough m, it is possible
to shorten the homomorphisms #, : Ghm(x,p,a) — T, or the homomorphism
T, : Glim(x, p, a) — Fix <v > by pre-composing with elements of the graded modular
group GMod (Glim (x, p, a)), which contradicts the properties of homomorphisms in a
flexible sequence. Hence, a flexible graded quotient is a proper quotient of a graded
limit group. O
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The following is an example of a flexible quotient of a solid limit group. Let

Gx, p)= <x1,x9, p| p:x?x; > G (x, p) 1s a graded limit group and its graded abelian
decomposition is the amalgamated product:

G, p)= <p>= 3

<p=xx,

-2 <X1,X2>.
172

G (x, p) 1s isomorphic to a free group of rank 2, hence, as in the first example presented
above it is a solid limit group.

The solid limit group G (x, p) admits a flexible quotient. Its flexible quotient is a
limit group of the form

le(x>p>: <x13x27p|1b:x?x2_23 [X],XQ]:]. >
<

= <p>*<

p=x Xl,XQ‘[Xl,XQ]:1>-

2

>

3
1%

2

Let Glm(x, p, a) be a rigid or solid graded limit group. On the set of flexible
graded quotients of Glm(x, p, a) we can naturally define a partial order and an
equivalence relation, similar to the ones defined on graded limit groups. By the same
argument used to prove lemma 5.4, the set of flexible graded quotients of Glm (x, p, a)
contains maximal elements with respect to the partial order, and by the same argument
used to prove lemma 5.5 there are only finitely many equivalence classes of maximal
flexible graded quotients of Glm(x, p, a). In the sequel we will need the following
definitions associated with rigid and solid graded limit groups and their associated
maximal flexible limit quotients.

Definition 10.5. — Let Rgd (x, p, a) be a ngid limit group and let:
Flx,(x, p, a), ..., Flx,(x, p, a)

be the maximal flexible graded quotients of it. A homomorphism h : Rgd (x, p, a) — ¥y that does not
Sactor through any of the maximal graded flexible quotients

Flx,(x, p, a), ..., Flx,(x, p, a)

of Red(x, p, a) s called a ngid homomorphism (solution, specialization) of the rigid graded lLimit
group Rgd (x, p, a). A homomorphism that does factor through one of the maximal flexible quotients
is called a flexible homomorphism (solution, specialization).

Defination 10.6. — Let Sld (x, p, a) be a solid graded limit group and let
Flx,(x, p, a), ..., Flx,(x, p, a)

be the maximal flexible quotients of it. A homomorphism h : Sld (x, p, a) — ¥ for which h="H o ¢
where I factors through one of the maximal graded flexible quotients of Sld (x, p, a), and ¢ is a graded
modular automorphism of Sld (x, p, a), is called a flexible homomorphism (solution, specialization) of
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the solid graded limit group Sld (x, p, a). Note that every homomorphism h: Sld (x, p, a) — ¥ that
Sactors through a free product of the form Fix < v > s0 that AP s mapped into Ty, s flexible.
A non-flextble homomorphism h = Sld(x, p, @) — Y; s called a solid homomorphism (solution,
specialization) of the solid graded limit group Sld (x, p, a).

Flexible quotients of rigid graded limit groups and flexible quotients of solid
graded limit groups contain all the “generic infinite families” of specializations of these
graded limit groups. Rigid solutions of rigid graded limit groups are the exceptional
single solutions, and solid solutions of solid graded limit groups are the exceptional
families of solutions.

Proposition 10.7. — Let Rgd (x, p, a) be a rigid graded lLimit group, let Sld(x, p, a) be a
solid graded lLimit group, and let py be a specialization of the defining parameters p. Then:

(1) There are at most finitely many rigid solutions: h : Rgd (x, p, a) — ¥ _for which h( p) = po.
(i1) Up to pre-composing with a graded modular automorphism of the solid graded lLimit group
Sld (x, p, a) there are at most finitely many solid homomorphisms: h : Sld (x, p, a) — F

Jor which h( p)= po.

Proof. — Suppose that for some specialization p, of the defining parameters p
there are infinitely many rigid homomorphisms of Rgd(x, p, a). From this infinite set
of homomorphisms it is possible to extract a flexible subsequence, from which it is
possible to extract a convergent flexible subsequence of homomorphisms. Now, this last
flexible sequence converges into a flexible graded quotient of Rgd(x, p, a). Hence, all
but at most finite of the rigid homomorphisms of the convergent subsequence factors
through a flexible graded quotient of Rgd(x, p, a), a contradiction to their rigidity, and
we get part (i) of the proposition. Part (ii) follows by the same argument starting with
an infinite family of solid homomorphisms that are the shortest possible under the

action of the graded modular group GMod (Sld(x, p, a)). O

We will call the (ungraded) Makanin-Razborov diagram of a graded limit group
obtained using the (ungraded) abelian JSJ decompositions of the various limit groups
that appear along the various resolutions, the ungraded Makanin-Razborov diagram.
We call each resolution of the ungraded Makanin-Razborov diagram of a graded limit
group, an ungraded resolution. The above basic facts concerning graded limit groups and
their graded shortening quotients and graded flexible quotients allow us to present the
main goal of this section, the (canonical) graded Makanin-Razborov diagram associated with
a graded limit group. The graded Makanin-Razborov diagram “encodes” all possible
homomorphisms from a graded limit group into the (fixed) free group F; in a form
“compatible” with the parametric description of the set of solutions.

Let Glim (x, p, a) be a graded limit group. Let Glim (x, p, a) = Glimy * ... Glimy * F,,
be a factorization of Glm/(x, p, a), where AP < Glim;, Glim; can not be written as a
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free product in which AP is contained in one of the factors, each of the Glim,’s for
2 <1< L is a freely-indecomposable non-cyclic subgroup of Glim(x, p, a) and I, is
a free group. It follows from Grushko’s theorem that such a free decomposition of
Glim (x, p, a) is canonical.

Suppose first that Glim, i1s not rigid or solid. By an analogue of lemma 5.4 the
set of graded shortening quotients of the graded limit group Glim; contains maximal
elements (with respect to the partial order defined above) and by an analogue of lemma
5.5 in the graded case, there are only finitely many equivalence classes of maximal
graded shortening quotients of Glim;. Since Glim; is not a solid graded limit group
each maximal graded shortening quotient of it is a proper quotient. Let GM,, ..., GM;
be a collection of representatives of equivalence classes of maximal graded shortening
quotients of Glim;, and let n; : Glim; — GM; be the canonical projection maps.

Now, suppose Glim, 1is rigid or solid. In this case, Glm; has finitely many
equivalence classes of maximal flexible graded quotients. Let FixGlim,, ..., FixGlim, be a
collection of representatives of equivalence classes of maximal flexible graded quotients
of Ghim,, and let v; : Glim; — FlxGlim; be the canonical projection maps.

We define the graded Makanmin-Razborov diagram of the graded limit group
Glim (x, p, a) iteratively. We start by factoring Ghm(x, p, a) as above. From each of
the factors Glimy, ..., Glimy we continue by adjoining its (ungraded) Makanin-Razborov
diagram. If Glim, is not rigid we continue along s edges going from Glim, to each of
its maximal graded shortening quotients GMy, ..., GM,. To each such directed edge we
associate the canonical projection n;.

If Glim, 1s rigid or solid we continue along v edges going from Glim; to each of
its maximal flexible graded quotients FixGlim,, ..., FixGlim,. To each such directed edge
we associate the canonical projection V;.

We proceed iteratively. Since a graded shortening quotient of a non-solid graded
limit group, and a flexible shortening quotient of a solid or rigid graded limit groups are
proper quotients of the graded limit group, the construction terminates by proposition
5.1. Each terminal vertex is either a free group (as in the Makanin-Razborov diagram
presented in section 5), or it is a rigid graded limit group RgdGhm(x, p, a) for
which for every value of the parameters p, there are at most finitely many possible
homomorphisms # : RgdGlim (x, p, a) — F; that satisfy A(p)=po, or a solid graded limit
group Sld(x, p, @) with no flexible quotients. By construction, up to the equivalence
relation of graded and restricted shortening quotients, and flexible graded quotients,
the graded Makanin-Razborov diagram of a graded limit group is canonical.

As in the case of (ungraded) limit groups (definition 5.8), we can use the graded
Makanin-Razborov diagram to define graded Makanin-Razborov resolutions of a
graded limit group. The main purpose of defining graded Makanin-Razborov diagrams
and resolutions is the fact these “encode” all the (ungraded) restricted resolutions for
every specialization of the defining parameters of the graded limit group. A better
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understanding of this “encoding” requires a better understanding of rigid and solid
limit groups and will be obtained in the following sections of this paper and the
following papers in the sequel.

As we pointed out in section 8, the study of sets of solutions to equations with
coefficients is naturally equivalent to the study of all restricted homomorphisms from
a f.g. restricted residually free group into the free group generated by the coeflicients.
For studying this collection of homomorphisms we have an analogue of theorems 7.2
and 8.4 in the graded case. The proof is a direct modification.

Theorem 10.8. — Let RF(x, p,a) be a fg (graded) residually free group. Then
there exists a (canomical) finite collection of graded lLmit group quotients of RF (x, p, a):
Glim\(x, p, a), ..., Glimg(x, p, a), and for each © an epimorphism 1; : RF (x, p, a) — Glmy(x, p, a)
with the following properties:

(1) For each restricted homomorphism h : RY (x, p, a) — ¥y there exists some index v (not
necessarily umique!) and a restricted homomorphism f : Glim(x, p, a) — ¥} so that h
splits as: h=foT1,.

(1) If Ghm(x, p, a) s a graded quotient of RF (x, p, a), and T is an eprmorphism
T: RF(x, p, @) — Glm(x, p, a), then there exists some index 1 and an epimorphism
A Glimy(x, p, @) — Glim(x, p, a) so that T= Ao T,

(ii)) The couples {(Glim{(x, p, a), T,)} represent distinct equivalence classes, and if i £ then
the couple (Glim{(x, p, a), T;) can not be compared with (Glim; (x, p, a), T;) in the partial
order defined on these couples.

(v) If Gz'm1 (x, p, @), ..., G?imu(x, b, a) and {T;: RF (x, p, a) — Gﬁmj (x, p, @)} is another
collection of graded quotients of RY (x, p, a) and epimorphisms from RY (x, p, a) to the
graded limit groups Gﬁ'mi(x, b, @) that satisfy properties (1)-(ir) then u=~ and up to

ermutation, the couple (Glhimy(x, p, a), T;) is equivalent to the couple Gz'm. X, p, a), Tp).
b p P q p i, p

We have already modified the construction of the Makanin-Razborov diagram
of a limit group to the graded case. Having such diagram for a graded limit group,
theorem 10.9 allows us to modify the construction of the Makanin-Razborov diagram
associated with a residually free group presented in section 8 to the graded case.

11. The Singular Locus

The main purpose for modifying limit groups and their Makanin-Razborov
diagrams and resolutions to the graded category is the ability to use the graded
objects in order to understand the variation of sets of solutions with a change in the
values of the defining parameters. Such analysis is crucial in studying the structure of
elementary sets and elementary predicates as we will see later in the sequel.
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Since the collection of graded resolutions of a graded limit group Ghm(x, p, a)
“encodes” all the restricted homomorphisms of the group Glm (x, po, a) for any possible
specialization py of the set of defining parameters p, to understand the variation in the
set of solutions with a change of the defining parameters we need to look closely at
all the possible degenerations in the graded resolutions of Glim(x, p, a) for all possible
values of the defining parameters. Our aim in this section is to associate finitely many
singular graded limit groups with each rigid and solid limit group in a graded resolution of
the graded Makanin-Razborov diagram. The finite collection of singular limit groups
associated with a rigid (or solid) limit group in a graded resolution describe all the
possible degenerations in the part of the graded resolution that terminates at the rigid

(or solid) graded limit group.

Let Glim(x, p, a) be a graded limit group, let GRes; be a graded resolution in the
graded Makanin-Razborov diagram of Glm (x, p, a) and let RgdGlim(y, p, a) be a rigid

limit group in this resolution.

Defimition 11.1. — We say that the specialization (yo, po, a) of the ngid lmit group
RgdGlim( y, p, a) belongs to the singular locus of the tuple (RgdGlim( y, p, a), GRes;) if for all
homomorphisms h : Glim (x, p, a) — ¥y that factor through the resolution GRes; and the specialization
(90, po, @) at least one of the graded abelian JS] decompositions of the graded limit groups along the
graded resolution GRes; remains degenerate, i.e., at least one of the following possible degenerations in
the graded abelian JS] decompositions occurs:

(1) An edge group is always mapped to the trivial group in Fy.
(i1) A non-abelian vertex group s always mapped to a cyclic subgroup in Fy.
(1)) A QH vertex group is always mapped to a cyclic subgroup in F.

(Note that (1) can be viewed as a special case of (i), but we prefer to list it as an additional
separate case.)

Clearly, there are only finitely many ways in which one of the graded abelian JSJ
decompositions of the graded limit groups along the graded resolution GRes; can get
degenerate, so the singular locus of (RgdGlim (x, p, a), GRes;) can be stratified according
to the degenerate parts of these graded abelian JSJ decompositions.

Theorem 11.2. — There exist finitely many systems of equations Z,(y, p, a), ..., Z,(», p, a)
so that a specialization ( yo, po, a) of the rigid limat group RgdGlim(y, p, a) belongs to the singular
locus of the tuple (RgdGlim( y, p, a), GRes;) if and only if it satisfies one of the systems Zi, ..., Z,.

Proof. — Given the resolution GRes; and elements in the graded modular groups
of each of the graded limit groups in the resolution GRes;, a degeneration in one
of the graded abelian JSJ decomposition of one of the graded limit groups can be
expressed as an equation in the variables ( y, p). Hence, a specialization ( yy, po, a) of
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RgdGlim( », p, a) belongs to the singular locus of the tuple (RgdGlim( v, p, a), GRes;) if
(%0, po, a) satisfies an infinite system of equations parameterized by the product of the
graded modular groups of the different graded limit groups in the graded resolution
GRes;. Since by Guba’s theorem [Gu] every infinite system of equations in a free group
is equivalent to a finite one, the theorem follows. O

Definition 11.3. — We say that a graded limit group SngGlim(y, p, a) s a singular
graded limit group of the tuple (RgdGlim( v, p, a), GRes;) if it is a maximal graded lLimit group
corresponding to one of the systems of equations X, ...,Z, constructed i theorem 11.2. Clearly, this
assoctates canonically finitely many singular limit groups with every tuple (RgdGlim (x, p, a), GRes;).

In a similar way we associate (canonically) finitely many singular limit groups
with every tuple of a graded resolution and a solid graded limit group in it. Let
Glim (x, p, a) be a graded limit group, let GRes; be a graded resolution in the graded
Makanin-Razborov diagram of Glm(x, p, @) and let SldGlm( y, p, @) be a rigid limit

group in this resolution.

Definition 11.4. — We say that the specialization (o, po, a) of the solid lLimit group
SldGlim( p, p, a) belongs to the singular locus of the tuple (SdGlm(y, p, a), GRes)) if for all
homomorphisms h : Glim (x, p, a) — ¥y that factor through the resolution GRes; and the specialization
(90, po, @), at least one of the abelian graded JS] decompositions of the graded lLimit groups along
the graded resolution GRes; remains degenerate (note that by all homomorphisms that factor through
graded resolution GRes; and the specialization ( yo, po, a) we allow a possible pre-composition with
a graded modular automorphism of the solid graded lLimit group SldGlim(y, p, a) iself).

Like in the rigid case there exist fimitely many systems of equations Z\(y, p, a), ...,Z,(y, p, a)
s0 that a specialization ( o, po, a) belongs to the singular locus of the tuple (SdGlim( », p, a), GRes;)
if and only 1f it satisfies one of the systems Zi,...,Z,.

We say that a graded limit group SngGlim( y, p, a) s a singular graded lLimit group of the
tuple (SAGlm( y, p, a), GRes;) if it 1s a maximal graded limit group corresponding to one of the
systems of equations X, ..., %,. Clearly, this associates canonically fimitely many singular limit groups

with every tuple (SldGlim (x, p, a), GRes;).

12. Multi-graded Makanin-Razborov Diagrams

In the previous sections 9-11 we have analyzed the structure of parameterized
sets of solutions to systems of equations in a free group, where the sets of solutions
were parameterized by some subgroup of parameters P = < py,...,p, >. The goal
of this section is a generalization of the objects introduced in the previous sections,
to study sets of solutions to systems of equations parameterized by one subgroup, to
the study of sets of solutions to systems of equations parameterized by finitely many
subgroups. As we will see in the sequel such parameterization appears in the analysis
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of projections of varieties (Diophantine sets), that is crucial in the analysis of sentences
and elementary sets defined over a free group.

With a finite system of equations with parameters ® over a free group
F,= < ay,..,q > it is natural to associate a fip. group G (®). If the system @ is
defined by the coefficients ay, ..., ¢, the parameters py, ..., p, and ri, ...,r,ln],...,rf,. rt

s Tmg>
the unknowns x4, ..., x, and the equations:

1 I4
wl<al> ceey Ay /’1: "'apu: 7’1, ceey Tmé 5 XLy eeey xn>: 1

. | ’
ws(‘llp ey Uy pb "'>pu: Ty eees 7’m[ s X1, ,X,,): 1

we set the associated f.p. group G (®) to be:

1 l
G (D) = < Ayeees Ay Plyoes Py Ty ooes Ty s Kby weny Xy | W1 ey W5 >

.oy m[’

Clearly, every solution of the system @® corresponds to a homomorphism /4 : G (®) — F;
for which A(¢;)=a;, and every such homomorphism corresponds to a solution of the
system .

In sections 9-11 we studied the variation of the structure of the set of solutions
with a change of the defining parameters. In this section we study the variation
of the set of solutions with a change of the specialization of defining parameters
P= <p,...,p, >, and the conjugacy classes of the specializations of the subgroups

1 1 C .
Ry= <n,.,n >, R= < r?,. ¢ . To analyze the variation in the structure

of the set of SOlllltiOIlS with a change of ethe specialization of the defining parameters
P and the conjugacy classes of the specializations of the subgroups R, ..., Ry we will
need to look at a special class of graded limit groups which we call multi-graded lLimit
groups.

We set G = < Xy, e, Xky Py ooy Pus r},...,rflé, ay,...,q; > to be a fig. group. For
brevity we will denote this (fixed) generating set by G = <g,...,g, >, and F; to be a
free group with a fixed basis F; = < ay,..., >. With this notation our goal is to get
a structure theory for understanding the set of all homomorphisms:

Hom((G, {p;}, {r,}, {a}), ¥, {a})) = {h|h: G = ¥y, ha)=a: }

with a change in the specializations of the parameters {f;} and the conjugacy classes
of the specializations of the subgroups R, ...,R;. We set X to be the Cayley graph of
F; with respect to its given basis ay, ..., .. Given any homomorphism % € Hom (G, F)),
G admits a natural action A, on X given by A(g, x)=A(g)x) for every ¢ € G and
x € X.

Definition 12.1. — Let G be a fg. group and let b, : G (x, 7, p, @) — ¥y be a sequence of
homomorphisms. If { N, }, a sequence of actions of G on X, the Cayley graph of ¥y, that corresponds
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lo the sequence of homomorphisms {h,}, converges in the Gromov-Haussdorf] topology, we say that
the sequence {h,} converges. We call the obtained limit group, a multi-graded limit group.

A multi-graded limit group is in particular a limit group, so every f.g. multi-
graded limit group is fp. and every fig. graded limit group is w-residually free by
theorem 4.6. To construct the (canonical) multi-graded Makanin-Razborov diagram
of a multi-graded limit group, which is the fundamental tool in our analysis of the
variation of sets of solutions to systems of equations with a change in the specialization
of the parameters P and the conjugacy class of the specializations of the subgroups
Ry, ..,R,, we need to study the algebraic structure of multi-graded limit groups
“relative” to their multi-grading. To do that we need to construct the multi-graded
abelian JS] decomposition of a multi-graded limit group. These constructions are all
generalizations of their graded analogues presented in sections 9-11.

For the rest of this section let G(x,r,p,a be a fg group, let {4,
G (x, 1, p, @) — F;} be a convergent multi-graded sequence of homomorphisms, and let
MGlm (x, r, p, a) be the corresponding graded limit group. We set n : G (x, r, p, @) —
MGlm (x, r, p, a) to be the canonical epimorphism and AP < MGhm (x, r, p, a) to be
the subgroup: AP = <n(p),...,n(p.), N(ar), ...,N(a) >. The abelian JSJ decomposition
of a freely-indecomposable limit group “encodes” all the possible splittings of such limit
group with abelian edge groups. In studying multi-graded limit groups we will be inter-
ested only in abelian splittings in which the subgroup AP and the subgroups Ry, ...,R,,
are elliptic. The construction of the abelian JSJ decomposition of a limit group de-
scribed in section 2 naturally generalizes to a multi-graded abelian JSJ decomposition of a
multi-graded limit group.

Theorem 12.2 (cf. 9.2). — Suppose MGlim (x, r, p, a) = Lo * ... x L, ts the most refined free
decomposition in which AP < Lo and each of the subgroups R; can be conjugated into one of the
Sactors L. With each of the factors we associate a multi-graded abelian JS] decomposition. If none
of the subgroups R; can be comjugated into L; we associate with it its abelian JSJ decomposition.
If L; 1s Ly or it contains a conjugate of one of the subgroups R; then there exists a (relatwely)
reduced unfolded (perhaps trivial) splitting of the factor 1; with abelian edge groups, which we call a
multi-graded abelian JS] (Jaco-Shalen-Jfohannson) decomposition of the factor L; with the following
properties:

(1) AP s elliptic in the multi-graded abelian JSJ decomposition of Lo. If a subgroup R;
can be conjugated nto the factor Lj, then R; is elliptic in the multi-graded abelian JSJ
decomposition of L.

(i) Every (multi-graded) canonical maximal QH subgroup (CMQ) of L; is comjugate to a
vertex group n the multi-graded JSJ decomposition. Every (multi-graded) QH subgroup
of MGlim (x, r, p, a) can be conjugated into one of the CMQ_ subgroups of L. Every
vertex group in the multi-graded JS] decomposition which s not a CMQ_ subgroup of L;
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is elliptic in any abelian splitting of L; under consideration (i.e., in one in which AP and
the R;’s are elliptic).

(i11) A one edge (multi-graded) abelian splitting MGlim (x, r, p, a)=D x5 E or L;=Dx,
which AP and the R;’s are elliptic which 1s hyperbolic in another such elementary abelian
splitting s oblained from the multi-graded abelian JS] decomposition of L; by cutting
a 2-orbifold corresponding to a (multi-graded) CMQ) subgroup of L, along a weakly
essential s.c.c.

(iv) Let © be a one edge (multi-graded) splitting along an abelian subgroup 1;=D x5 L or
L;=Dxx in which AP and the R;’s are elliptic, which s elliptic with respect to any
other one edge (multi-graded) abelian spliting of L; in which AP and the R;’s are elliptic.
Then © s obtained from the multi-graded abelian JS] decomposition of L; by a sequence
of collapsings, foldings and conjugations.

(v) If JSJ, s another multi-graded abelian JS] decomposition of L, then JSJ, is obtained
Jrom the multi-graded abelian JSJ decomposition by a sequence of shdings, conjugations
and modifying boundary monomorphisms by conjugations (see section 1 of [Ri-Se2] for
these notions).

In section 5 we have used the canonical cyclic JSJ decomposition of a limit
group to construct its canonical Makanin-Razborov diagram. In section 10 we modified
this construction to obtain the graded Makanin-Razborov diagram for analyzing the
variation of the restricted Makanin-Razborov diagram with a change of the defining
parameters. To understand the variation of the (ungraded) Makanin-Razborov diagram
with a change of the specialization of the parameter subgroup P, and the conjugacy
classes of the specializations of the subgroups R;, we need to further modify the
construction of the graded Makanin-Razborov diagram to obtain the multi-graded
Makanin-Razborov diagram of a multi-graded limit group.

Definition 12.3. — Let MGlm(x, 1, p, @) be a multi-graded lmit group and let
MGlm (x, r, p, a)=Lo * ... x L, be the most refined free decomposition in which AP < Ly and
the subgroups R; can be conjugated into the different factors L;. Let L; be one of those factors and
suppose that the multi-graded abelian JS] decomposition of L; is non-trivial. We define the multi-
graded modular group MGMod (L) to be the subgroup of Aut(L;) generated by the following families
of automorphisms of the factor L.;:

(1) Dehn twists along edges of the multi-graded abelian JSJ decomposition of L. The Dehn
lwists are assumed o fix (elementwise) the vertex stabilized by AP in case L; is the factor
Lo.

(i1) Dehn twists along essential s.c.c. in (multi-graded) CMQ)  (canonical maximal quadrati-
cally hanging) vertex groups in the multi-graded abelian JSJ decomposition of L. Again,
these Dehn twists are assume to fix (elementwise) the vertex stabilized by AP in case L
is the factor L.
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(1) Let A be an abelian vertex group in the multi-graded abelian JS] decomposition of L;.
Let Ay < A be the subgroup generated by all edge groups connected to the vertex stabilized
by A in the multi-graded abelian JS] decomposition of L. Every automorphism of A that
Sixes A, (elementwise) can be naturally extended to an automorphism of the ambient factor
L; that fixes the vertex stabilized by AP and conjugates of the other subgroups R;. We
call these generalized Dehn twists and they form the thurd family of automorphisms that
generate MGMod (L)

We say that a homomorphism h : MGlim (x, r, p, @) — ¥y s the same multi-graded modular class
as the homomorphism h : MGlim (x, 7, p,0) = Fp of h=ho ¢, and ¢ s a multi-graded modular
automorphusm of MGlim (x, 7, p, a), t.e, ¢ € MGlm (x, r, p, a).

Let L; be a factor in the most refined free decomposition of the multi-graded
limit group MGlm(x, r, p, a) in which the subgroups AP and R;’s can be conjugated
into the various factors. Once we fix a generating set for the factor L; given a
homomorphism 4 : I, — F; we can choose the shortest homomorphisms in the multi-
graded modular class of 4. A multi-graded limit group obtained from a convergent
sequence of homomorphisms % : L; — F; which are the shortest in their multi-graded
modular class, is called a multi-graded shortening quotient of the factor L.

On the set of multi-graded shortening quotients of the factor L; we can naturally
define a partial order and an equivalence relation, similar to the ones defined in
section 5 for shortening quotients of limit groups. By the same argument used to
prove lemma 5.4 the set of multi-graded shortening quotients of L; contains maximal
elements with respect to the partial order, and by the same argument used to prove
lemma 5.5 there are only finitely many equivalence classes of maximal multi-graded
shortening quotients of the factor L.

So far we have modified the construction of maximal shortening quotients
presented in section 5 to the multi-graded setup. However, multi-graded shortening
quotients of a multi-graded limit group need not be proper quotients of it. Furthermore,
to get multi-graded shortening quotients we naturally require that the multi-graded
abelian JSJ decomposition of the factor L, is non-trivial. Unlike (ungraded) limit groups,
to understand the variation of the set of restricted homomorphisms from a graded limit
group to I, with a change of the specialization of the defining parameters P and the
conjugacy classes of the specializations of the subgroups R;, we will need to study
the structure of multi-graded limit groups with a trivial principal graded abelian JSJ
decomposition.

Definition 12.4. — Let 1; be a _factor in the most refined free decomposition of a multi-graded
limat group MGlim (x, 7, p, a) in which the subgroups AP and R, ...;R,, can be conjugated into the
various factors. If the factor L; has a trivial multi-graded abelian JS] decomposition it s called rigid
multi-graded limit group. If L; has a non-trivial multi-graded JS] decomposition, and a (unique)
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maximal multi-graded shortening quotient GMSQ (x, 7, p, a) that s isomorphic to L, L; ts called
solid multi-graded limit group.

To study rgid and solid multi-graded limit groups we need to introduce the notion
of flexible multi-graded limit groups.

Defimition 12.5. — Let L; be either a nigid or a solid factor of a multi-graded Limit group
MGhm (x, r, p, a). A sequence of homomorphisms {h,, : L — ¥;} is called flexible multi-graded
sequence if one of the following holds:

(1) Each homomorphism h,, factors as h,, =V, o T,, where T, : Ly — Fpx <v > and 1, s
an epimorphism that maps the subgroup AP onto the factor ¥} and the subgroups R; into
a comjugate of ¥ i Fpx <v >, and v,, : Fix < v >— F; restricts to the wdentity on
Fy. Furthermore, 1,, can not be shortened (in ¥yx <wv >) by an element from the graded
modular group MGMod (L;).

(i1) Each homomorphism h,, does not factor through a free product as i (i), and can not be
shortened by an element from the multi-graded modular group MGMod (L;). In addition,
if Li=Lyq then for each index m:

max dx (hy (g), wd.) >2" - (1 + max dx (hy, (p)), ud.)+

g€B,, Igj<u

max min (d (fhy (7)f ", id) + .. + (dx (fhn (,) 7, id)

1<l feF

where B, s the ball of radius m in the Cayley graph of L. If L; 1s not the factor Ly,
e, if AP s not a subgroup of L, then for each index m:

min max dx (fh, (g)f", id.) >2" - (1 + max min (dx ( fh, (/i)f_l, u.)
JEF,  £€B, 1<l feF,

ot (A (Sl ()7 id)).

A multi-graded limit group which is the limit of a flexible multi-graded sequence s called a flexible
multi-graded quotient of the rigid or solid multi-graded limit group L.

Lemma 12.6. — Let Flx(x, 1, p, a) be a flexible multi-graded quotient of the rigid or solid
graded limit factor L;. Then:

(1) FlxGlim (x, p, a) s not a rigid multi-graded limit group.
(i) FixGlim (x, p, a) s a proper quotient of L.

Proof: — Identical with the proof of lemma 10.5. O

Let MGlim (x, r, p, a) be a rigid or solid multi-graded limit group. On the set of
flexible multi-graded quotients of MGlm (x, r, p, @) we can naturally define a partial
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order and an equivalence relation, similar to the ones defined on multi-graded limit
groups. By the same argument used to prove lemma 5.4, the set of flexible graded
quotients of MGlm (x, r, p, a) contains maximal elements with respect to the partial
order, and by the same argument used to prove lemma 5.5 there are only finitely many
equivalence classes of maximal flexible multi-graded quotients of MGlm (x, r, p, a). For
the sequel we will need the following definitions associated with rigid and solid multi-
graded limit groups and their associated maximal flexible limit quotients.

Defination 12.7. — Let Rgd (x, 1, p, a) be a ngd limit group and let
Flx\(x, r, p, @), ..., Flx,(x, 1, p, a)

be the maximal flexible multi-graded quotients of it. A homomorphism h : Rgd(x, r, p, a) — Fy
that does not factor through any of the maximal multi-graded flexible quotients Flx\(x, r, p, a), ...,
Flx,(x, r, p, a) of Rgd(x, r, p, a) is called a rigid homomorphism (solution) of the rigid multi-graded
limit group Red (x, 7, p, a). A homomorphism that does factor through one of the maximal flexible
quotients is called a flexible homomorphism (solution).

Defimation 12.8. — Let Sld(x, r, p, a) be a sold multi-graded limit group and let
Flx\(x, r, p, @), ..., Flx,(x, r, p, @) be the maximal flexible quotients of . A homomorphism
b Sld(x,r, p,a) — ¥, for which h=H" o & where I factors through one of the maximal
multi-graded flexible quotients of Sld(x, r, p, a), and ¢ s a multi-graded modular automorphism of
Sld(x, 7, p, a), 15 called a flexible homomorphism (solution) of the solid multi-graded limit group
Sld (x, r, p, a). Note that every homomorphism of Sld (x, r, p, @) — ¥; that factors through a free
product of the form ¥ix <v > so that AP and the subgroups R; are mapped into ¥y, is flexible. A
non-flexible homomorphism h = Sld (x, r, p, a) — ¥; s called a solid homomorphism (solution) of the
solid multi-graded lLimit group Sld(x, v, p, a).

Flexible quotients of rigid multi-graded limit groups and flexible quotients of solid
multi-graded limit groups contain all the “generic infinite families” of specializations of
these multi-graded limit groups. Rigid solutions of rigid multi-graded limit groups are
the exceptional single solutions, and solid solutions of solid multi-graded limit groups
are the exceptional families of solutions.

Proposition 12.9. — Let Rgd(x,r, p,a) be a rgid multi-graded limit  group, let
Sld (x, r, p, a) be a solid multi-graded limit group, and let py be a specialization of the defining
parameters p. Then:

(1) There are at most finitely many rigid solutions: h : Rgd(x, r, p, a) — Fy for which
W p)=po and each of the subgroups R; are mapped to a conjugate of h(R;) (elementwise).
(1) Up to pre-composing with a graded modular automorphism of the solid graded lLimit group
Sld (x, 7, p, a) there are at most finitely many solid homomorphisms: h = Sld (x, r, p, a) —
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Fy for which h(p) = po and each of the subgroups R; are mapped to a conjugate of h(R))

(elementuwise).
Proof. — Identical with the proof of proposition 10.7. O

The above basic facts concerning multi-graded limit groups and their multi-
graded shortening quotients and multi-graded flexible quotients allow us to present the
main goal of this section, the (canonical) multi-graded Makanin-Razborov diagram associated
with a multi-graded limit group.

Let MGlm (x, r, p, a) be a multi-graded limit group. Let MGlm (x, r, p, @)=L *
...x L, be the most refined free decomposition of MGhlm (x, r, p, a) so that AP <L, and
each of the subgroups R; can be conjugated nto one of the L;’s. Suppose first that a
factor L; contains either the subgroup AP or a conjugate of one of the subgroups R;.
Suppose L; is not rigid or solid. Then by claim 13.2 the set of multi-graded shortening
quotients of the factor L; contains maximal elements (with respect to the partial order
defined above) and by an analogue of lemma 5.5 to the multi-graded case there are
only finitely many equivalence classes of maximal multi-graded shortening quotients
of L, Since L, is not a solid multi-graded limit group each maximal multi-graded
shortening quotient of it is a proper quotient. Let MGM,, ..., MGM, be a collection
of representatives of equivalence classes of maximal multi-graded shortening quotients
of the factor L;, and let n, : L; = MGM_ be the canonical projection maps. Note that
MGM, is a multi-graded limit group with respect to some subset of the subgroups P
and Ry, ...,Ry.

Now, suppose L; is rigid or solid. In this case, L; has finitely many equivalence
classes of maximal flexible multi-graded quotients. Let Flxi, ..., Flx, be a collection of
representatives of equivalence classes of maximal flexible graded quotients of L;, and
let v, : L — Flx, be the canonical projection maps.

We define the multi-graded Makanin-Razborov diagram of the multi-graded limit group
MGlm (x, r, p, a) iteratively. We start by factoring MGlm (x, r, p, a) as above. From each
of the factors L; that does not contain the subgroup AP or a conjugate of one of
the subgroups R; we continue by adjoining its (ungraded) Makanin-Razborov diagram
presented in section 5. If L; contains the subgroup AP or a conjugate of one of the
R;’s, and L; is not rigid or solid we continue along s edges going from L; to each of its
maximal multi-graded shortening quotients MGM,, ..., MGM.. To each such directed
edge we associate the canonical projection n,.

If L; 1s rigid or solid we continue along ¢ edges going from L; to each of its
maximal multi-graded flexible quotients Flxy, ..., Flx,. To each such directed edge we
associate the canonical projection V.

We proceed iteratively. Since a multi-graded shortening quotient of a non-
solid multi-graded limit group, and a flexible shortening quotient of a solid or rigid
multi-graded limit groups are proper quotients of the multi-graded limit group, the
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construction terminates by proposition 5.1. Each terminal vertex is either a free group
(as in the Makanin-Razborov diagram presented in section 5), or it is a rigid multi-
graded limit group Rgd(x, r, p, a) for which for every value of the parameters P and
given conjugacy classes of the subgroups R;, there are at most finitely many possible
homomorphisms /% : Rgd(x, r, p, a) — F; that obtaining these values and conjugacy
classes, or a solid multi-graded limit group Sl (x, r, p, a) with no flexible quotients. By
construction, up to the equivalence relation of multi-graded and restricted shortening
quotients, and multi-graded flexible quotients, the multi-graded Makanin-Razborov
diagram of a multi-graded limit group is canonical. As in the case of (ungraded) limit
groups (definition 5.8), we can use the multi-graded Makanin-Razborov diagram to
define multi-graded Makanin-Razborov resolutions of a multi-graded limit group.
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